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Introduction 

The energy crisis is among the major problems of the present day’s world with ever 
increasing need for resources. Fossil fuels being the prime source of energy, besides their 
limited availability, seriously contribute to environmental pollution through the emission 
of pollutant gases like carbon dioxide (CO2), sulfur dioxide (SO2), nitrogen dioxide (NO2), 
and carbon monoxide (CO) [1,2]. Addressing these issues corresponds to the UN policy 
on net zero emission by 2050 and several countries’ policies on clean energy production; 
hence, the actual need to develop alternative, clean, and abundant energy source 
technologies. Solar photovoltaic material is considered one of the most promising 
technologies due to its superior capability to harness solar energy efficiently and 
convert it into electricity in an environmentally friendly way [3,4]. Furthermore, 
building-integrated photovoltaics (BIPVs) are developing technology whereby the 
integration of solar panels is made into buildings to help them provide part of the energy 
requirement of the building. Energy-efficient buildings form part of smart city 
development and relate very well to any strategy aimed at net-zero emissions. Semi-
transparent solar cells could be integrated into windows, thereby opening new avenues 
within the domain of BIPVs. New material development and new device architectures 
are being pursued to enhance the efficiency and applicability of semi-transparent solar 
cells, thus contributing to the advancement of BIPV technology. 

At this scale, a new photovoltaic technology must not only compete with existing c-Si 
or CdTe thin film technologies in terms of performance and stability but also be 
environmentally sustainable and composed of earth abundant elements. A developing 
category of prospective cost-effective photovoltaic materials, including antimony and 
bismuth-based chalcogenides [5–7] and lead-free chalcogenide perovskites [8] is 
presently being explored within the PV community. Antimony chalcogenides, including 
Sb2S3, Sb2Se3, and Sb2(S,Se)3, have demonstrated a promising trajectory of rapid 
performance enhancement, achieving power conversion efficiencies (PCE) of 8.0%, 
10.57%, and 10.75%, respectively [9–11]. These materials have attracted significant 
efforts in R&D within the photovoltaic community due to their advantageous properties, 
including abundance in nature, environmentally friendly elemental components, suitable 
optoelectronic characteristics and stability [6,12,13]. The distinct characteristics of Sb2S3 
absorbers, such as a bandgap of ca. 1.7 eV, a high absorption coefficient of 105 cm−1 at 
450 nm, and long-term stability, make them suitable for semi-transparent solar cell 
devices [4,13–15]. Additionally, these characteristics also qualify them to be integrated 
into tandem cell device as top cell and for applications such as solar windows. 

Addressing the considerable challenges in improving power conversion efficiencies 
(PCEs) of the solar cell devices, the fabrication method for Sb2S3 absorbers is crucial for 
scaling up production. While high-efficiency Sb2S3 solar cells have primarily been 
prepared using spin coating and chemical bath deposition (CBD) techniques, each 
method presents its own limitations [9,16]. Spin coating, despite offering precise 
parameter control and reproducibility, is constrained to laboratory-scale production and 
results in significant material wastage. Conversely, CBD shows promise for large-scale 
applications but demands extended deposition times at relatively low temperatures to 
achieve the desired absorber thickness. In contrast, the ultrasonic spray pyrolysis 
method offers advantages such as large-area uniformity and is an industrially scalable 
technique with low capex requirements. 
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A crucial component in the Sb3S3 cell stack is the hole transporting material (HTM), 
which is responsible for extracting and transporting photogenerated charge carriers from 
the absorber layer to the electrode. Additionally, the HTM acts as a barrier against 
electron leakage and provides protection against oxygen and moisture exposure for the 
active layer [14,17]. The ideal HTM should possess an abundance of holes, high hole 
mobility, minimal defect density, excellent stability, and compatibility with adjacent 
layers [6,17]. Various organic and inorganic HTMs have been tested extensively.  
The most conventional organic HTMs utilized in Sb2S3 solar cell fabrication are poly(3-
hexylthiophene) (P3HT) [13,14,18], 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9′-spirobifluorene (Spiro-OMeTAD) [9,16], and poly{4,4-dialkyl-4H-cyclopenta[2,1-
b;3,4-b′]-dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl} (PCPDTBT) [19,20]. 
However, these materials come with their own set of drawbacks such as high cost and 
complex synthesis processes, hindering their scalability for commercial applications. In 
addition, P3HT, due to its bandgap of 1.8 eV, exhibits parasitic absorption in the visible 
spectrum, leading to reduced total transmittance of the solar cell [14]. Additionally, P3HT 
requires post-coating activation at temperatures around 170 °C, further complicating the 
manufacturing process [13,18]. Spiro-OMeTAD also faces challenges due to its synthesis 
involving a multi-step reaction scheme conducted at low temperatures (–78 °C) and 
requires sensitive reagents such as n-butyllithium or Grignard reagents [21,22]. 
Furthermore, doping Spiro-OMeTAD with Li-based salt to enhance its hole transporting 
ability increases costs and compromises device stability, given that the dopant, Lithium 
bis(trifluoromethylsulphonyl)imide (LiTFSI), is hygroscopic in nature [23]. 

Considering the aforementioned HTM related drawbacks, the aim of this doctoral 
study is the development of semitransparent Sb2S3 thin film solar cells employing novel 
dopant-free fluorene-based enamines as hole transport materials. The novelty of the 
study is that these new HTMs are used for the first time as alternative charge selective 
layers in Sb2S3 thin film devices. In this doctoral thesis, we explored the use of three 
groups of novel, dopant-free hole transport materials in Sb2S3-based PV devices.  
The first group consists of fluorene-based enamines with aliphatic chains (V1275, V1235, 
V1236 and V1461). The second group comprised of fluorene-based molecules with 
thiophene end units, mimicking P3HT (V808, V1385 and V1386). The third group consists 
of fluorene-based dimers linked with thiophene units (V1422, V1423, V1454 and  
V1455), drawing inspiration from structure of Spiro-OMeTAD. The thickness of these 
fluorene-based HTMs were systematically varied and the impact on the Sb2S3 device 
performance is investigated. The novel HTMs were synthesized at the Department of 
Organic Chemistry, Kaunas University of Technology, Lithuania, and characterization of 
physical and chemical properties of compounds was performed in cooperation with 
Kaunas University of Technology and Institute of Solid State Physics, University of Latvia. 
Various characterization methods applied to the materials, interfaces and devices 
provide insights on the functionality of these new family of dopant-free HTMs for  
Sb-chalcogenide-based solar cells. 

This thesis is based on four published articles and is divided into three main chapters. 
The first chapter consists of a literature review of the present and emerging solar PV 
technologies. This is followed by an introduction to the Sb – chalcogenide absorber 
materials and solar cells, and most widely used organic and inorganic HTMs in Sb2S3 
based solar cells. The second chapter includes the experimental details and 
characterization methods used. The third chapter summarizes the development of 
technology for the deposition of HTM films and the results and discussion of the study 
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based on the three distinct groups of HTMs investigated. The thesis concludes with a 
summary showcasing the main goals achieved during the study. 

The study received financial support from Iceland, Liechtenstein and Norway through 
the EEA Grants. The aim of the project was to develop new approach based on novel 
materials and structures and production technologies, which are the key to further 
increase the share, and range of application of PV in areas with sub‐average sunlight, 
including Baltic and Nordic countries. Therefore, development of resource saving,  
cost‐effective and efficient PV devices is a primary challenge of this project. Project 
contract with the Research Council of Lithuania (LMTLT) No is S-BMT-21-1(LT08-2-LMT-
K-01-003). The research was also supported by Estonian Research Council, projects 
PRG627 “Antimony chalcogenide thin films for next-generation semi-transparent solar 
cells applicable in electricity producing windows”; European Union’s Horizon 2020 - ERA 
Chair project 5GSOLAR (grant No. 952509); H2020-WIDESPREAD-01-2016-2017-
TeamingPhase2 (grant No. 739508, project CAMART²); European Cooperation in Science 
and Technology (COST) project RENEW-PV (CA21148) and by the Estonian Ministry of 
Education and Research (project TK210; TK210U8 “Center of Excellence in Sustainable 
Green Hydrogen and Energy Technologies”). 
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Abbreviations, Terms, and Symbols  

ALD   Atomic layer deposition 

AM1.5G   Air mass 1.5 global 

a-Si   Amorphous silicon 

AVT   Average visible transmittance 

BIPV   Building integrated photovoltaics 

CBD   Chemical bath deposition 

CIGS   Cu(In,Ga)(S,Se)2 

c-Si   Crystalline silicon 

CSS   Close spaced sublimation 

CZTS   Cu2ZnSn(S,Se)4 

DSSC   Dye sensitized solar cells 

Eg   Band gap 

EQE   External quantum efficiency 

ETL   Electron transport layer 

FF   Fill factor 

HOMO  Highest occupied molecular orbital 

HTL  Hole transport layer 

HTM   Hole transport material 

J-V   Current density-voltage 

JSC   Short circuit current density 

LUMO  Lowest unoccupied molecular orbital 

NMR   Nuclear magnetic resonance spectroscopy 

OSC   Organic solar cell 

P3HT   Poly(3-hexylthiophene-2,5-diyl) 

PCPDTBT   Poly(2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4- 
b´]dithiophene)-alt-4,7(2,1,3 benzothiadiazole) 

PEDOT:PSS   Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

PSC  Perovskite solar cell 

PV   Photovoltaic 

QD   Quantum dot 

RS   Series resistance 

RSH  Shunt resistance 

RT  Room temperature 

SEM   Scanning electron microscopy 

Spiro-OMeTAD 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-      
spirobifluorene 

TCO   Transparent conductive oxide 

θ   X-ray diffraction incidence angle 
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TU  Thiourea 

USP  Ultrasonic chemical spray pyrolysis 

UV-VIS  Ultraviolet-visible light 

VOC   Open-circuit voltage 

XPS  X-ray photoelectron spectroscopy

XRD  X-ray diffraction

PCE  Power conversion efficiency 

PYS  Photoelectron Yield Spectroscopy 
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1 Literature overview 
Solar photovoltaic (PV) technology is clean way of generating electric power directly from 
solar radiation. The industry has seen remarkable metamorphosis, and have achieved an 
annual installation rate of 30–40% in years 2000–2022 [24]. Globally, a combined 
239 GW of new capacity was added in the grid. Photovoltaics have reached a total global 
installed capacity of almost 1.2 TW by the end of the year 2022 [25]. However, despite 
the tremendous growth of solar power, surpassing that of any other power generation 
technology, its share in global electricity generation still lies at around 4.5% [25]. 
Policymakers’ awareness of the importance of establishing local renewable power 
generation capacities for the purpose of energy security and price volatility was 
significantly elevated by the global energy crisis in 2022, which served as a major 
inflection point. The surge in solar installations is not merely the result of supportive 
governmental policies; but it is also supported by a substantial reduction in the levelized 
cost of electricity of PV power plants, rendering them more economically viable than 
their counterparts producing electricity using coal and gas [25]. An overview on 
established and emerging photovoltaic technologies is provided below. 

1.1 Evolution of PV technologies 

1.1.1 Established PV technologies dominating the market 

Crystalline Si-based PV technologies 
Silicon (Si) based solar cells are considered as the first generation of solar cell technology. 
These are based on a bulk material p-n junction represented by the silicon PV cells made 
of mono or polycrystalline wafers [26]. The past few decades have witnessed a persistent 
enhancement in the efficiency of silicon wafer-based commercial PV modules. The current 
record device efficiency of Si-based solar cells have reached 27.3% [27]. This efficiency is 
around 80% of the Shockley-Queisser limit for single junction cells with bandgap value of 
1.1 eV [26]. The dominance of crystalline silicon (mono-Si and multi-Si) PV remains 
unchallenged, commanding a 95% market share [26].       

Silicon tandem devices can combine conventional silicon solar cells and additional 
materials, that are typically perovskites and enhance the overall efficiency. By stacking a 
perovskite layer on top of a silicon layer, the tandem cells can utilize a broader spectrum 
of sunlight that can significantly increase the energy conversion efficiency. Recent 
advancements have led to remarkable efficiency records for perovskite/c-Si two terminal 
solar cells with reported efficiencies reaching 34.6%, as of today [27]. 

Gallium arsenide (GaAs) 
III-V compound solar cells, including GaAs, have significant advantages over crystalline Si
solar cells due to their high efficiency potential, suitability for thin-film applications,
advantageous temperature coefficient, radiation resistance, and potential use in
multi-junction configurations [26]. These solar cells have made significant contributions
to space and concentrator applications and serve as crucial sub-cells in multi-junction
solar cell configurations. Notably, R&D efforts have resulted in record efficiencies, with
GaAs achieving 27.8% in single-junction solar cells [28]. GaAs cells can be used in
multi-junction configuration with enhanced performance by use of layering. Multiple
layers with distinct compositions and bandgaps can be incorporated to absorb light
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across specific wavelengths [26]. By optimizing the spectral absorption across various 
layers, multi-junction solar cells achieve higher efficiencies than conventional single-layer 
configurations. Recently, triple-junction PV cells have reached efficiency of 37.9% [28].  

1.1.2 Established thin film PV technologies 
Established thin film PV technologies consists of amorphous silicon (a-Si), cadmium 
telluride/cadmium sulfide (CdTe/CdS) and copper indium gallium selenide (CIGS). 
The film’s thickness is up to a few micrometres (μm). The aim of thin film solar cells was 
to reduce the amount of material required for solar cell absorber layer compared with 
wafer based solar cells production and introduce usage of cheaper substrates [26]. 
The remaining 5% of the market share, aside from Si, is held by thin-film photovoltaics, 
including CdTe, CIGS, and a-Si solar cells. CdTe holds more than half of the thin-film 
market, leaving 2 percent to CIGS and amorphous silicon. However, CdTe has challenges 
attributed to tellurium scarcity [29] and the lingering negative perceptions surrounding 
cadmium [30].  

Amorphous silicon (a-Si) 
Amorphous Si solar cells, showcase efficiencies from 14.0% with double and triple-junction 
designs [28]. Despite advancements, operational challenges, notably susceptibility to 
sunlight-induced degradation remains [31]. Multi-junction devices exhibit better 
efficiency and moderate stability. Various groups are exploring integration possibilities 
with nc-Si or a-SiGe alloys for multi-junction cells [60]. Amorphous Si has a high bandgap 
of 1.7 eV offer a unique advantage in light absorptivity which is 40 times higher than 
mono-crystalline silicon [31] and holds a share of 2% in the PV market [26]. 

Cadmium telluride (CdTe) 
Recognized for its favorable semiconductor properties, CdTe demonstrates strong 
absorption through the solar spectrum, and a favorable direct bandgap of 1.45 eV [29]. 
Most important, record efficiencies of 23.0% by First Solar [28], together with continuous 
improvements in commercial module efficiencies [26], has put CdTe in one of the top 
places among thin-film solar cells. Besides that, CdTe thin film almost rivals 
c-Si solar cells in cost/watt terms [26]. Researchers are exploring alternative material
systems using abundant and non-toxic elements, in order to address concerns about the
toxicity of elemental cadmium and the scarcity of tellurium [29].

Copper indium gallium di-selenide (CIGS) 
Copper Indium Gallium Di-Selenide (CIGS) stands out as a prominent material in thin-film 
solar PV cells, characterized by the general formula Cu(InₓGa₁–x)Se₂. The band gap of CIGS 
varies in the range of 1.0–1.7 eV, based on the In-Ga ratio [26]. CIGS solar cells have 
achieved device efficiency of 23.6% [28]. Despite advancements, CIGS technology faces 
key challenges, including high variability in film stoichiometry, limited understanding of 
grain boundary effects, structural and electronic inhomogeneity causing low open-circuit 
voltage, and the need to engineer higher-bandgap alloys for multijunction devices [31]. 
The scarcity of indium limits widespread deployment of CIGS technologies [29]. 
The ability to deposit CIGS on metal or polymer substrates aids production of flexibles 
cells [26].  



16 

1.2 Emerging thin film PV technologies 

Emerging PV technologies aim to achieve both high efficiency (≥ 20%) and low cost. 
These technologies employ thin-layer deposition techniques from the established PV 
technologies, while exploring new configurations, materials, and novel nanostructured 
or organic elements [26]. Crucially, the emerging photovoltaics prioritize the use of 
non-toxic and abundant materials for large-scale implementation [31]. Considerable 
attention is dedicated to optimizing charge collection, and improving energy capture 
within the solar spectrum [31].  

Dye sensitized solar cells (DSSC) 
Dye-sensitized solar cells (DSSCs) stand out as leading nanotechnology-based materials 
for solar photovoltaic technologies [32,33]. DSSCs adopt a hybrid organic-inorganic 
design, featuring a porous, nano-crystalline titanium dioxide (TiO2) film as the electron 
conductor. This film is in contact with an electrolyte solution containing organic 
light-absorbing dyes. Charge transfer occurs at the interface, facilitating the 
transportation of holes in the electrolyte. The novelty of DSSCs is the photosensitization 
of nano-grained TiO2 coatings, using visible optically active dyes to achieve efficiencies 
above 10.0% [32,33]. Device efficiencies of approximately 13.0% have been reported in 
year 2020 [28]. The efforts towards the commercialization of dye-sensitized photovoltaic 
modules are underway.  

Quantum Dot (QD) solar cells 
Quantum dots (QDs) are nano-crystalline structures ranging in size from 2 to 10 nm, 
resembling porous Si or TiO2 [34,35]. Solar cells crafted from these materials are termed 
Quantum Dot (QD) Solar Cells, also known as Nano-crystal Solar Cells. These structures 
are epitaxially grown on a substrate crystal, with the quantum dots enclosed by high 
potential barriers in a three-dimensional configuration. The discrete energy levels of 
electrons and electron holes within the quantum dot arise from their confinement in a 
confined space [36]. The energy states of electrons and electron holes in quantum dots 
are linked to the size of the quantum dot [36]. The epitaxial growth method on a 
substrate crystal ensures that quantum dots assume a three-dimensional shape which 
contributes to their unique electronic properties. The record efficiency of QD solar cells 
have increased from 4% in 2010 to 19.1% in 2023 [28].  

Perovskite solar cells (PSC) 
Perovskite solar cell (PSC), with the general crystal structure ABX3, is seen as an alternative 
for silicon solar-cells. Here, A represents a larger monovalent cation, B is bivalent metal 
cation and X is a halide anion [37]. The most common A cations are organic or inorganic 
ions such as methylammonium (CH₃NH₃⁺), cesium (Cs⁺), and formamidinium (FA⁺). The B 
sites are metals like lead (Pb²⁺) or tin (Sn²⁺). The X anion is usually a halide i.e. chloride 
(Cl⁻), bromide (Br⁻), or iodide (I⁻). The tunability of the ABX₃ structure, is based on the 
choice of A, B, and X components, which allows for adjustable band gaps, making 
perovskites incredibly versatile in photovoltaic applications [38,39,40]. The extensively 
studied perovskite solar cell features methylammonium lead trihalide (CH3NH3PbX3, 
where X is a halogen ion like I−, Br−, Cl−) with an optical bandgap ranging from 1.6 eV to 
2.3 eV, depending on halide type [38]. The structure of the perovskite solar cells consists 
of an absorber layer in between the electron transport layer (ETL) and hole transport 
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material (HTM) [38]. The biggest drawback of PSC is their poor environmental stability, 
caused by the instability of the perovskite layer when in contact with moisture [40].  

PCSs have undergone a remarkable efficiency increase from 3.8% in 2009 to 26.7% in 
2024 for single-junction architectures [28]. Perovskite/silicon tandem solar cells have 
further improved toward high efficiency and lately reached a record efficiency of 34.6% 
[28]. In addition, semi-transparent perovskite solar cells, which recently have been 
developed for their potential use as solar windows, have demonstrated efficiency of 
15.5% along with an AVT of 20.7% [41].  

Organic solar cells (OSC) 
Organic solar cells (OSC) represent a transformative technology employing conductive 
organic polymers or small organic molecules for light absorption and charge transport 
[37]. The active layer is composed of a blend of donor and acceptor materials. Common 
materials include conjugated polymers and fullerene derivatives [37]. The intrinsic 
flexibility of OSCs, typically on a polymer substrate, adds versatility to their applications 
in areas such as wearable electronics and portable devices. Solution-based processing 
techniques, such as roll-to-roll printing, reduce costs in the production of large-scale 
fabrication [37]. The PCE of organic and polymer solar cells are generally lower than that 
of Si-based or perovskite cells. Current OSC efficiencies stands at 19.2% [28]. Organic cells 
can be made semi-transparent, making them ideal for applications in building-integrated 
photovoltaics (BIPV), such as windows and facades [37]. 

Kesterite solar cells 
Kesterite solar cell, typically based on compound Cu2ZnSn(S,Se)4 (CZTSSe) has garnered 
significant attention due to its inherent environmental friendliness and cost-effectiveness. 
They are seen as a transition from CIGS which has high cost and low material availability 
[37]. The wide bandgap range of CZTSSe, varying from 1.0 to 1.5 eV through the tuning 
of the S/Se ratio, enables a theoretical maximum efficiency within the range of 28% to 
32%, according to the Shockley-Queisser limit [42]. This tunable bandgap allows good 
spectral matching for a range of working conditions. Similar to CIGS, kesterite also has a 
comparable lattice and energy band structure with a high absorption coefficient 
> 104 cm−1 and an intrinsic p-type conductivity of 10−2 S cm–1 [37]. Record device efficiency
has been successively reached up to 14.9% for CZTSSe solar cells, which was reported in
the year 2023 [28].

This improvement in the performances of solar cells comes after a very long period of 
stagnation while efficiencies were about 12.0% for the years between 2010 to 2022 [28]. 
Even with the recent efficiency improvements, CZTSSe photovoltaic devices still operate 
under their theoretical limit and other equivalents like CIGS; hence, the potential 
for efficiency improvements in kesterite solar cells remains. Doping/alloying, defects 
regulation, thermal treatment, crystallization pathway intervention, interface passivation, 
and bandgap manipulation are some of the numerous approaches that have been 
developed for performance enhancement in kesterite solar cells [42].  

Antimony chalcogenide solar cells 
Recent interest in antimony chalcogenides, including antimony sulfide (Sb2S3), antimony 
selenide (Sb2Se3), and antimony sulfoselenide Sb2(SxSe1–x)3, has surged among PV 
researchers due to their remarkable stability, abundance of constituent elements, 
non-toxicity, and high absorption coefficient (> 104 cm−1) [43]. Sb2S3 solar cells are similar 
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to CdTe and PSC device structure i.e. thin-film configuration with layered architecture 
comprising of TCO, absorber, and charge transport layers [4]. However, in contrast to the 
complexity associated with kesterite materials in solar cells, antimony-based chalcogenides 
present a more straightforward binary phase structure, that facilitates simpler 
fabrication processes [37]. The isomorphic nature of Sb2S3 results in an orthorhombic 
crystal structure with quasi-one-dimensional ribbons. The ribbons facilitate charge 
carrier transport and contributes to anisotropic properties. Additionally, a tunable 
bandgap (1.1 to 1.7 eV), makes antimony chalcogenides suitable for various PV 
applications, including two-cell tandems [44].  

Sustained R&D efforts in the past decade have significantly advanced the performance 
of antimony chalcogenide solar cells. In year 2022, Sb2S3 based solar cells achieved PCE 
of 8.0%, and cells utilizing Sb2Se3 and Sb2(S,Se)3 reached PCEs of 10.57% and 10.75%, 
respectively [9,10,45]. At the current stage, Sb2X3 solar cells have achieved the same PCE 
as CdTe and CIGS solar cells, when they were initially considered for commercialization 
[46]. 

1.3 Antimony sulfide based thin film PV technology 

1.3.1 Properties of antimony sulfide 

Sb2S3 exhibits an orthorhombic crystal structure with lattice constants of a ≈ 11.31 Å, 
b ≈ 3.83 Å, and c ≈ 11.22 Å [47]. The crystal structure of Sb2S3 has been shown in Fig. 1.1a. 
This unit structure that builds the Sb2S3 crystal consists of infinite 1D (Sb4S6)n ribbons 
oriented along the [001] direction, which interlinks to form zigzag sheets perpendicular 
to the [100] plane as shown in Fig. 1.1b. These ribbons are interconnected by weak van 
der Waals forces [48]. Each chain comprises two trigonal Sb2S3 and two SbS5 square 
pyramids with slightly varied bond lengths due to distinct coordination conditions 
[49,50]. Experimental observations reveal that single crystals can be easily cleaved 
perpendicular to the [100] plane, and the grain orientation has a substantial effect on 
solar cell performance, with the [hk1] orientation offering better charge carrier mobility 
and transport [48].  

Polycrystalline Sb2S3 has an optical bandgap (Eg) of approximately 1.7 eV [13,18,51] 
along with a high optical absorption coefficient ranging from 104–105 cm−1, which 
positions it as an excellent candidate for semi-transparent applications [56]. These 
attributes contribute to the versatility of Sb2S3, facilitating its implementation in various 
optoelectronic applications such as solar cells, both in single-junction and tandem 
configurations, as well as in photocatalysis and energy storage systems [4].  

Figure 1.1. (a) Crystal structure of Sb2S3 [52] and (b) [hk1] orientation Sb2S3 ribbons deposited on 
TiO2 film [53]. 



19 

1.3.2 Sb2S3 solar cells: architecture and device configurations  
Sb2S3-based solar cells can be broadly categorized into two architecture types – Planar 
and Mesoporous. Mesoporous Sb2S3-sensitized solar cells are inspired from the 
Dye-Sensitized Solar Cells on porous TiO2 and have achieved noteworthy PCE of 7.5% in 
year 2014 [54]. On the other hand, the planar architecture is inspired from CdTe and 
perovskite solar cells and have achieved PCE of 8.0% in year 2022 [9]. Planar have 
become more popular than mesoporous solar cells because of their lower cost of 
fabrication and higher VOC values [55]. The planar Sb2S3 solar cells can be prepared in 
both superstrate and substrate configurations as demonstrated in Fig. 1.2. Most of the 
research work is focused on the superstrate structure due to its simple fabrication 
process for Sb2S3 absorber layer [56,57]. Only a few studies have explored the substrate 
structured in development of Sb2S3 thin film devices [58,59]. The highest device 
efficiency obtained for Sb2S3 solar cells in a superstrate configuration was 8.0% in the 
year 2022 [9]. In contrast, for the substrate configuration, the efficiency achieved was 
1.75%, reported in the year 2019 [58]. 

Figure 1.2. Schematics of the Sb2S3 thin film solar cell in superstrate and substrate structures. 
Modified from [55]. TCO - transparent conducting oxide, ETL - electron transport layer, HTM - hole 
transport material.  

The most essential components are TCO, ETL, light harvesting Sb2S3 absorber, 
HTM and metal contacts. The most used TCOs are – Indium-doped tin oxide (ITO), 
Fluorine-doped tin oxide (FTO), and Aluminum-doped zinc oxide (AZO) [4]. The ETL, 
responsible for extracting and transporting the electrons from the absorber material are 
n-type materials like – Titanium dioxide (TiO2), Cadmium sulfide (CdS), Tin dioxide (SnO2)
or Zinc oxide (ZnO) [55]. The HTM layer, could either be inorganic metal oxides like
Copper oxide (CuO), Nickel oxide (NiOX), Vanadium oxide (V2O5) or organic ones like P3HT
and Spiro-OMeTAD [4]. The common used ETLs and HTMs in Sb2S3 based solar cells are
shown in Fig. 1.3. The back contact includes metals with high work function like Gold
(Au), Silver (Ag) or Nickel (Ni) [55].
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Figure 1.3. Band diagram of functional layers in Sb2S3 solar cell stack [55]. 

The band energy levels of the functional layers of the solar cell stack are presented in 
Fig. 1.3. In general, the Ionization Potential (IP) energy level is generally denoted as the 
Valence Band Maxima (VBM) in inorganic materials and Highest Occupied Molecular 
Orbital (HOMO) in organic materials. Similarly, the Electron affinity (Ea) level is denoted 
as Conduction Band Minima (CBM) in inorganic materials and Lowest Occupied 
Molecular Orbital (LUMO) in organic ones. For a suitable ETL, its CBM should be aligned 
to the CBM of the Sb2S3 absorber (–3.7 eV) with a maximum band offset of 0.3 eV [30]. 
The ETLs which are suitable to the Sb2S3 solar cell stack are shown in Fig. 1.4. The HOMO 
level of the HTM should be aligned with the VBM of Sb2S3 (–5.4 eV) for the efficient 
transport of holes with maximum band offset of 0.3 eV [30]. A detailed discussion on 
most common used ETLs and HTMs in Sb2S3 based solar cells is presented in section 1.7.  

1.3.3 Methods for Sb2S3 thin film preparation 
The preparation of thin films, especially those composed of Sb2S3, holds immense 
significance in the realm of solar cell technology. This section provides an overview of 
the methods employed in the deposition of Sb2S3 thin films, delving into both physical 
and chemical approaches. The different physical deposition methods employed are 
thermal evaporation (TE) [60,61], magnetron sputtering [62,63], and close spaced 
sublimation (CSS) [64,65]. The widely used chemical methods are chemical bath 
deposition (CBD) [9,54], spin coating (SC) [16,66], atomic layer deposition (ALD) [67,68] 
and ultrasonic spray pyrolysis (USP) [13,18]. Table 1.1 presents the commonly used 
deposition techniques for Sb2S3 film preparation along with the deposition temperature 
range, deposition time range, advantages, and disadvantages of each technique. 
The details of performance parameters of the fabricated solar cells obtained using 
different deposition techniques are presented in Table 1.2. 

Physical deposition methods: 
Thermal Evaporation (TE):  
Thermal evaporation stands out as a prominent physical method for Sb2S3 thin film 
preparation. This technique involves the controlled application of heat to elemental 
antimony and sulfur in a vacuum chamber. Sb2S3 transforms into a vapor that 
subsequently condenses on a substrate, forming the desired thin film [60,61].  
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Magnetron Sputtering: 
The process is driven by the application of high-power radio frequency (RF) or direct 
current (DC) to the target containing Sb2S3, facilitating the ejection of material from the 
targets. The ejected Sb2S3 material is subsequently deposited onto a substrate [62,63]. 

Close Spaced Sublimation (CSS): 
The precursor of Sb2S3 powder is placed in a sealed vessel where they undergo congruent 
sublimation at temperatures of around 300 °C [69]. The sublimated Sb2S3 vapor then 
condenses onto a cooler substrate to form the desired thin film [64,65].  

Chemical deposition methods: 
Chemical Bath Deposition (CBD): 
This technique involves the immersion of a substrate in a solution containing precursors 
that react to form Sb2S3 thin films. The precursors used are Antimony trichloride (SbCl3), 
Antimony potassium tartrate (C8H4K2O12Sb2·3H2O) [70] or Antimony trioxide (Sb2O3) [71] 
for antimony source and thioacetamide (C2H5NS) [54,72], Thiourea (CH4N2S) [73,74] or 
Sodium thiosulfate (Na2S2O3) [73,74] for sulfur source.  

Hydrothermal Deposition (HD): 
The hydrothermal process is a method of crystal growth that relies on the use of 
high-temperature aqueous solutions at high vapor pressures to dissolve and recrystallize 
materials. The process is similar to CBD in most aspects. The precursors used are 
Antimony trichloride (SbCl3) or Antimony potassium tartrate (C8H4K2O12Sb2·3H2O) for 
antimony source with Sodium thiosulfate (Na2S2O3) as sulfur source [75,76].  

Atomic Layer Deposition (ALD): 
Atomic Layer Deposition emerges as a precise and controlled chemical method for thin 
film deposition, offering atomic-level thickness control. The inherent advantages of ALD, 
such as uniformity, position it as a promising technique for Sb2S3 thin solar cells [14]. 
The precursors used are tris-dimethylamido antimony (Sb(N(CH3)2)3) and hydrogen 
sulfide (H2S) for antimony and sulfur source, respectively [77,78]. 
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Table 1.1. Summary of deposition temperatures, deposition time, advantages and disadvantages 
of the Sb2S3 film preparation techniques. 

Methods Deposition 
temperature 

Deposition 
time 

Advantages Disadvantages Ref. 

Thermal 
Evaporation 
(TE) 

Source: 
600–800 °C, 
Substrate: 
RT–200 °C 

10–30 
minutes 

Rapid 
deposition, 
good 
adhesion to 
substrates 

High 
temperature, 
vacuum 
required 

[61, 
82, 
83] 

Magnetron 
Sputtering   

100–300 °C, 
followed by 
200–400 °C 
annealing 

1–3 hours Uniform film, 
good control 
over film 
thickness 

Complex and 
expensive 
equipment 

[62, 
84] 

Closed Space 
Sublimation 
(CSS) 

Source: 
400–450 °C, 
Substrate: 
200–350 °C 

1–3 minutes Rapid 
deposition 

High 
temperature, 
vacuum 
required 

[85] 

Chemical 
Bath 
Deposition 
(CBD)  

50–80 °C 1–3 hours Low-
temperature, 
cost-effective 
and simple 

Limited 
control over 
film thickness 

[9, 
54, 
86] 

Hydro-
thermal 
Deposition 
(HD) 

150–200 °C 2–24 
hours 

Low-
temperature, 
cost-effective 
and simple 
process 

High pressure 
required, long 
processing 
time, complex 
equipment 

[87] 

Atomic Layer 
Deposition 
(ALD) 

100–250 °C 2–4 hours Precise 
thickness 
control 
conformal 
coating 

Long 
processing 
time, limited 
for large-area 
coatings, high 
setup cost 

[14, 
67, 
77] 

Ultrasonic 
Spray 
Pyrolysis 
(USP) 

180–250 °C, 
followed by 
crystallization 
in inert 
environment 
at 200–300 °C 

10–40 
minutes 

Suitable for 
large-area 
coatings, 
scalable, high 
throughput 

Need for 
careful 
deposition 
parameter 
optimization 

[13, 
18, 
51, 
72] 

Spin Coating  
(SC)  

RT followed 
by annealing 
in inert 
environment 
at 150–300 °C 

Coating: 
seconds to 
minutes 

Rapid and 
cost-
effective, 
versatile for 
various 
substrates 

Limited 
scalability for 
large-scale 
production, 
potential non-
uniformities 

[56, 
88, 
89]
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Ultrasonic Spray Pyrolysis (USP): 
This technique involves the deposition of precursor solutions using ultrasonic spray setup 
onto a heated substrate, forming a thin film upon solvent evaporation and precursors 
thermal decomposition [72]. The precursors used are antimony trichloride (SbCl3) [13,18] 
for antimony source with Thiourea (CH4N2S) [13,18] or Thioacetamide (C2H5NS) [72] as 
sulfur source. Other precursors used are Antimony ethyl xanthate (C9H15O3S6Sb) with 
Thiourea [72]. Primarily, organic solvents such as ethanol, methanol or dimethyl 
sulfoxide (DMSO) are commonly used [13,18].  

Spin Coating (SC): 
This technique involves spinning a liquid precursor onto a substrate. The solvent 
evaporates during spinning, leaving behind a uniform layer of the precursor material. 
A subsequent annealing step is required to obtain Sb2S3 thin film. The precursors used 
are Antimony trichloride (SbCl3) with Thiourea (CH4N2S) [79,80] or Thioacetamide 
(C2H5NS)[81] in organic solvents such as ethanol, methanol, or dimethyl sulfoxide 
(DMSO) [79–81].  

In summary, the most commonly used deposition techniques for Sb2S3 thin films are 
chemical deposition methods. These methods offer significant advantages, such as 
scalability, the ability to deposit thin films at low temperatures, and the use of a 
straightforward and cost-effective setup [13,72]. To date, the highest-efficiency Sb2S3 
solar cells have been achieved using these chemical deposition processes (see Table 1.2). 

1.3.4 Successfully implemented deposition routes and state of the art in Sb2S3 
solar cells development  
In 1994, researchers developed the first planar Sb2S3 thin film solar cell with the 
configuration ITO/Sb2S3/WO3/Pt using CBD as deposition technique for the absorber 
layer. The resulting devices yielded PCE of 5.6% [71]. Table 1.2 presents the compiled 
data on planar Sb2S3 thin films, including the device configuration and the deposition 
techniques used for preparing the Sb2S3 absorber. Additionally, the table provides 
information on the Sb2S3 layer thickness, the HTM used and the performance parameters 
of representative Sb2S3 solar cells. This thesis includes solar cell results published up until 
the completion of the thesis in November 2024. Although Sb2S3 solar cells can be 
fabricated using both physical and chemical deposition techniques, a review of the 
literature makes it evident that more R&D efforts have been dedicated to Sb2S3 films 
deposited through chemical deposition methods (see Table 1.2).  

Before the start of the study in October 2020, the highest efficiency of planar 
FTO/TiO2/Sb2S3/PCPDTBT/PEDOT:PSS/Au solar cell devices was 7.5% (reported in 2014), 
obtained using chemical deposition method for the absorber preparation [54]. 
The record efficiency using physical deposition technique for Sb2S3 was obtained 
by Lan el. al, using thermal evaporation for Sb2S3 preparation in the year 2018 [77]. 
The fabricated device in configuration FTO/TiO2/Sb2S3/Spiro-OMeTAD/Ag yielded 
efficiency of 3.8% [83]. After the start of the present study, Sb2S3 solar cell results with 
PCE of 8.0% were published by Wang et al. (FTO/CdS/Sb2S3/Spiro-OMeTAD/Au) using 
CBD for Sb2S3 deposition [9]. Using physical deposition technique of thermal evaporation, 
Lian et al. fabricated devices in configuration FTO/CdS/Sb2S3/Spiro-OMeTAD/Au yielding 
efficiency of 6.2% [82]. In summary, with continuous R&D efforts in the last decade, 
the efficiency of Sb2S3 solar devices has made promising progress, however there is 
significant room for R&D to boost the PCE of this device. 
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Table 1.2. An overview of planar Sb2S3 solar cells fabricated with different HTMs and the output parameters of corresponding solar cells, reported till 
November 2024.  

HTM 
Device 
configuration 

Sb2S3 
deposition 
method 

Sb2S3 

thickness 
[nm] 

VOC  
[mV] 

JSC 
[mA/cm2] 

FF 
[%] 

PCE 
[%] 

Ref. Year 

P3HT ITO/ZnO/Sb2S3/P3HT/Ag TE 210 450 12.6 42 2.4 [61] 2012

ITO/TiO2/Sb2S3/P3HT/Au CBD 200 630 6.1 35 1.4 [90] 2013

ITO/TiO2/Sb2S3/P3HT/Ag ALD 155 732 9.3 62 4.3 [14] 2015

FTO/TiO2/Sb2S3/P3HT/Au SC n.m. 616 8.1 46 2.3 [81] 2015

ITO/TiO2/Sb2S3/P3HT/Au USP 150 618 6.0 51 1.9 [91] 2016

ITO/TiO2/Sb2S3/P3HT/Au USP 100 693 13.8 58 5.5 [18] 2019

Spiro-OMeTAD FTO/TiO2/Sb2S3/Spiro-OMeTAD/Ag TE 300 620 10.7 56 3.8 [83] 2018

FTO/CdS/Sb2S3/Spiro-OMeTAD/Au TE 200 720 15.9 54 6.2 [82] 2021

FTO/TiO2/Sb2S3/Spiro-OMeTAD/Au CBD 84 690 13.4 50 4.6 [86] 2018

FTO/TiO2/Sb2S3/Spiro-OMeTAD/Au SC 400 660 13.1 59 5.2 [88] 2019

FTO/TiO2/Sb2S3/Spiro-OMeTAD/Au SC 162 650 17.7 62 7.1 [16] 2020

FTO/CdS/Sb2S3/Spiro-OMeTAD/Au HD 300 707 15.2 56 6.0 [92] 2020

FTO/TiO2/CdS/Sb2S3/Spiro-
OMeTAD/Au 

HD 1000 748 15.3 57 6.5 [87] 2021
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HTM 
Device 
configuration 

Sb2S3 
deposition 
method 

Sb2S3 

thickness 
[nm] 

VOC  
[mV] 

JSC 
[mA/cm2] 

FF 
[%] 

PCE 
[%] 

Ref. Year 

FTO/CdS/Sb2S3/Spiro-OMeTAD/Au CBD 214 757 17.4 61 8.0 [9] 2022

PCPDTBT FTO/TiO2/Sb2S3/PCPDTBT/Au CBD n.m. 616 15.0 66 6.2 [93] 2012

FTO/TiO2/Sb2S3/PCPDTBT- 
PEDOT:PSS/Au

CBD n.m. 711 16.1 65 7.5 [54] 2014

PEDOT:PSS FTO/TiO2/Sb2S3/P3HT- 
PEDOT:PSS/Au 

ALD 90 667 14.9 58 5.7 [77] 2014

FTO/TiO2/ZnS/Sb2S3/P3HT- 
PEDOT:PSS/Au 

ALD 75 626 15.7 52 5.1 [67] 2021

NiOX FTO/TiO2/Sb2S3/NiOX/Au SC 100 590 14.5 41 3.5 [89] 2018

V2O5 FTO/TiO2/Sb2S3/V2O5/Au SC 87 590 15.3 53 4.8 [94] 2018

Note: TE – Thermal evaporation, CBD – Chemical bath deposition, SC – spin coating, ALD – Atomic layer deposition, USP – Ultrasonic spray pyrolysis, 
HD – Hydrothermal deposition, *n.m. – not measured. 
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1.3.5 Strategies for optimization of solution processed Sb2S3 material and device 
Sb2S3 solar cells face several challenges, including low efficiency caused by high 
recombination rates (including recombination in thin film absorber bulk and interface 
recombination), as well as difficulties in producing high-quality, large area uniform films, 
using scalable and cost-effective manufacturing techniques [6,63]. Several research 
studies have explored various strategies to tackle these challenges of Sb2S3-based solar 
cells, with focus on material and device engineering.  

Precursor Engineering – One effective approach in improving the PCE of Sb2S3 solar 
cells is through precursor engineering during the solution processing of the material. 
By carefully selecting and manipulating precursor materials, researchers have 
achieved significant advancements in efficiency. Zhou et al. added 4-Chloro-3-
nitrobenzenesulfonyl Chloride (CSCl) in the Sb2S3 precursor solution [95]. The resulting 
PCE increased from 4.2% to 5.8% due to enhanced crystallization and reduced trap states 
in the Sb2S3 layer [95]. Li et al. introduced Ag ions within the Sb2S3 sol-gel precursors of 
antimony acetate and thiourea [96]. The crystallinity of the Sb2S3 crystal grains were 
enhanced from 36.6 nm to 42.2 nm and the charge carrier mobility was increased from 
1.4 x 10–4 to 3.5 x 10–4 cm2 V–1 s–1. This led significant improvements in the FF and VOC and 
yielded cells with record high PCE from 6.1% of 7.7% [96].  

Growth Control – Controllable grain growth is essential for the vertical aligned growth of 
the absorber layer. This can be achieved by modifying the ETL surface or depositing a 
seed layer [88]. Zhang et al. used a thin Sb2S3 seed layer on the TiO2 substrate to assist 
the growth of the Sb2S3 thin film during the hydrothermal process. The seed layer 
provides a high density of the nucleation site that helps in growth of Sb2S3 layer with less 
structural defects [97]. The defect density (Nt) in the seed assisted Sb2S3 films decreased 
from 1016 to 1014 cm-3 [97]. 

Post Deposition Treatment – Post deposition heat treatment of the absorber layer in 
vacuum, inert atmosphere or in a sulfurizing or selenizing atmosphere is often used for 
crystallization, grain growth control and surface/bulk modification of Sb2S3 films 
[14,54,98,99]. Yuan et al. employed post-surface selenization in the fabrication of 
HTM-free planar Sb2S3 solar cells. This process enabled Se-doping in the bulk, which 
effectively passivated both interface and bulk defects, leading to enhanced CdS/Sb2S3 
heterojunction quality. As a result, VOC increased from 692 to 714 mV, and the PCE 
improved from 3.3% to 4.1% [98].   

Optimized Device Architecture – The device architecture of the solar cell can be improved 
by optimizing layer thickness (TCO, ETL, Absorber, HTM), and by incorporation of the 
interfacial and charge transport layers. The aim is to minimize both, electrical and optical 
losses and within the device [55].  

Interface Engineering – Surface passivation techniques can reduce recombination losses 
at the absorber interfaces and enhance charge carrier lifetimes within the solar cell 
structure. Han et al. used SbCl3 for post-treatment on Sb2S3 films [100]. The result was a 
thin SbCl3 layer formed on the Sb2S3 surface which passivated the surface defects and 
suppressed the recombination. The fabricated device demonstrated a significant 
improvement in PCE from 5.9% to 7.1% [100]. Büttner et al. introduced a wide bandgap 
ZnS ultrathin interfacial layer, approximately 1–1.5 nm thick, between the TiO2 and Sb2S3 
layers, passivating interface defects. This modification significantly improved the device's 
performance, leading to a PCE of 5.0 % [67].  
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Selective Contacts – Carrier-selective contacts are one of the basic requirements for solar 
cells. They work to collect and transport carriers generated in absorbers, realizing that 
electrons and holes are collected by two different terminals [63]. Hence, the 
performances of carrier-selective contacts directly affect the performance of solar cells. 
The choice and application of ETL and HTM are crucial in the performance of the device, 
especially for semi-transparent applications [55]. This will be discussed more in the next 
section. 

1.4 Selective contacts for Sb2S3 solar cells 

1.4.1 Electron transport layer 
In the context of Sb2S3 solar cells, ETL plays a crucial role in facilitating the transport of 
electrons from the Sb2S3 absorber. In the case of superstrate Sb2S3 thin film solar cells, 
the ETL material serves a dual purpose of facilitating electron transport and controlling 
the crystallites orientation in the Sb2S3 film [55]. For effective performance, ETLs in Sb2S3 
solar cells need to possess specific characteristics. Firstly, the ETL should have high 
electron mobility to enable fast electron transportation and reduce sheet resistance. 
Conversely, it should establish significant hole-blocking barriers to prevent the 
recombination of photocarriers [6]. Secondly, the ETL material should be a wide bandgap 
semiconductor (see Fig. 1.3) to ensure high transparency and allow increased sunlight 
penetration. This transparency helps maximize light absorption by the Sb2S3 absorber 
material [55]. Moreover, the CBM of the ETL must have a favorable band alignment with 
the CBM of the absorber. A large band offset between the VBM of the ETL and the VBM 
of the absorber helps block the holes from transporting towards the front contact [55]. 
Lastly, in the planar structure of Sb2S3 solar cells, ETLs play a critical role in maintaining a 
compact and pinhole-free configuration [6,55]. This structural feature prevents direct 
contact between the absorber and the electron collection electrode, thereby minimizing 
shunting currents. Mainly, four different ETLs, such as TiO2 [13,18,51,55,72,101–103], 
CdS [87,104], ZnO [105] and SnO2 [53] have been utilized in Sb2S3 solar cells. 

TiO2 is a n-type material with bandgap value of 3.2 eV and used as an ETL in 
Sb2S3-based solar cells [51,55,72]. Different strategies like doping and surface treatments 
of the TiO2 layer has been used by research groups in the past. Doping helps improve the 
electrical conductivity and electron mobility of the TiO2 layer, leading to better electron 
extraction and transport. Surface treatments of prepared TiO2 layers help passivate 
surface defects and reduces trap states at the TiO2/Sb2S3 interface. These traps often act 
as recombination centers, leading to efficiency losses. Odari at el. used Nb [101] and Lan 
et al. used Li [106] to dope TiO2 layer to improve the optoelectronic properties of TiO2. 
Compared with the solar cells using undoped TiO2, the solar cells with Li-doped 
TiO2 yielded improved PCE from 1.7% to 4.0% [106]. For post deposition of TiO2 
treatments, Kim et al. used Cs2CO3 [107], Han et al. used inorganic zinc halides (ZnCl2, 
ZnBr2, ZnI2) [100] and Tsujimoto et al. used Mg2+ and Ba2+ ions [102], showing various 
impacts of these treatments of the final device performance.  

CdS, another n-type material with its bandgap of 2.4 eV is a popular electron transport 
layer in Sb2S3 based solar cells [9,55,82,87]. Lian et al. prepared solar cell with a PCE of 
6.2%, which remains the highest in thermal evaporated Sb2S3 solar cells [82]. Similar to 
TiO2, CdS layers can be doped to improve their electrical conductivity and electron 
mobility [108]. Ning et al. used CdS films doped with potassium and fabricated device 
yielding 6.5% PCE [108]. So far, the highest cell efficiency of 8.0% was obtained for the 
Sb2S3 device with CdS ETL and using CBD for Sb2S3 deposition [9].   
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Other ETLs in addition to TiO2 and CdS, like ZnO and SnO2 show promise to be 
employed in Sb2S3 solar cell and have been explored by various research groups [61,109]. 
So far, the most suitable ETLs are TiO2 and CdS offering a good platform for optimization 
of the absorber layer.  

1.4.2 Hole transport layer 
In solar cell device structure, HTMs are an integral part and serve multiple tasks. They 
play a crucial role in facilitating the transportation of hole carriers to the counter 
electrode [4,55]. Additionally, they prevent the diffusion of metal from contacts, avoiding 
direct contact with the absorber, and suppress recombination losses at the back 
interface [55]. In the broader context, an ideal HTM candidate should possess high hole 
mobility and exhibit long-term stability in various environmental conditions. The HTM 
should have a large bandgap and be transparent in the visible spectral region for use in 
semi-transparent devices [55]. Their low cost, ease of preparation, and solution-
processability is a crucial aspect, allowing for scalable manufacturing and commercial 
application [6,55]. Table 1.2 presents a summary of the solar cell performance results 
obtained with various organic and inorganic HTMs incorporated into planar Sb2S3 solar 
cells up to the year 2024. 

Spiro-OMeTAD remains a popular choice for high-performing Sb2S3 solar cells 
(see Table 1.2), albeit with the need for dopants for optimal performance. Dopant-free 
HTMs such as P3HT and PCPDTBT have also been explored each with its set of 
advantages and disadvantages [13,72]. In addition to individual HTMs, combinations 
such as PCPDTBT/PEDOT:PSS and P3HT/PEDOT:PSS have also been utilized to improve 
the charge transport in Sb2S3-based solar cells [54,67,77]. Alternative inorganic HTMs, 
including CuSCN [110], NiOX [55] [89], CuI [111], V2O5 [94], graphene [112], and carbon 
[113], have been also tested in Sb2S3 solar cells by different research groups. Different 
experimental strategies, including HTM doping, post-treatments and thickness 
optimization have been employed to enhance PCE of the Sb2S3 based devices. 
The efficacy of HTM in Sb2S3 solar cells is contingent upon several key characteristics: 

Band Energy Alignment: The HOMO level of the HTM must align with the VBM of the 
absorber Sb2S3 (–5.4 eV) for efficient transport of the photo generated holes to the metal 
contact [55]. A larger band offset (> 0.3 eV) between the LUMO level of the HTM and the 
CBM of the absorber can prevent the electron from going towards the back contact 
(Fig. 1.3) [6,55]. 

Carrier Mobility and Lifetime: HTM must exhibit high carrier mobility (10⁻² cm² V⁻1 s⁻1), 
long diffusion length (> 100 nm), and extended carrier lifetime (hundreds of nanoseconds 
to a few microseconds). These characteristics play a vital role in rescuing carriers during 
extraction from the absorber and their subsequent transportation to the back-contact 
metal electrode [6]. 

Stability: Considering the significance of efficiency and stability in solar cells, the HTM 
selection should prioritize stability and resistance against environmental factors such as 
heat, moisture, oxygen, and ultraviolet (UV) light. The HTM should withstand both 
processing conditions and operational challenges [6,55]. 
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Deposition Compatibility: The chosen deposition technique for HTM should be 
compatible with the underlying absorber layer, ensuring a seamless integration [6]. 

The subsequent section delves into the specifics of the most widely used organic and 
inorganic HTMs in Sb2S3 solar cells.  

Organic HTMs 

2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9fluorene (Spiro-OMeTAD) 
2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9fluorene (Spiro-OMeTAD) has emerged 
as a highly regarded HTM in both perovskite and Sb2S3 based solar cells. The chemical 
structure is presented in Fig. 1.4a. The wide band gap of ca. 3.0 eV makes it suitable for 
use in semi-transparent devices [55]. Conventionally, high-efficiency n-i-p structure PSCs 
have utilized Spiro-OMeTAD as an HTM [114]. Although Spiro-OMeTAD effectively 
facilitates extraction and transportation of holes from the absorber layer to the counter 
electrode, material is limited by the hole mobility of approximately 2 x 10–4 cm2 V–1 s–1 
[115]. To overcome this, several dopants namely – lithium bis(trifluoromethyl-sulfonyl)-
imide (LiTFsi), and 4-tert-butylpyridine (tBP) [115–117] are used. The incorporation of 
dopants in the HTMs increases the cost and can compromise the stability of devices, 
particularly because LiTFSi is hygroscopic in nature [23]. Additionally, the synthesis of 
Spiro-OMeTAD requires a multi-step process that necessitates low temperatures (–78 °C) 
and sensitive reagents such as n-butyllithium or Grignard reagents [21,22]. The high 
synthesis cost of Spiro-OMeTAD (~ 92 Euro per g) [118] limits its commercial scalability. 

A summary on Sb2S3 thin films, employing various HTMs and the resulting photovoltaic 
performance parameters of solar cells is presented in Table 1.2. Moon et al. achieved 
5.2% PCE in Sb2S3 solar cells incorporating Spiro-OMeTAD as the hole transport layer [73]. 
Wang et al. reported a stable Sb2S3-based device with a PCE of 4.3% using spiro-OMeTAD 
as the HTM [119]. Further enhancements have been realized by Chung et al., by employing 
dodecylphosphonic acid (DPA) and LiTFSI as dopants in Spiro-OMeTAD, and resulting in 
device yielding PCE of 6.0% [120]. The current state-of-the-art Sb2S3 planar solar cell 
devices utilize Spiro-OMeTAD as the HTM, fabricated by Wang et al. has achieved a PCE 
of 8.0% [9].  

Poly(3-hexylthiophene) (P3HT) 
Poly(3-hexylthiophene) (P3HT), a well-known organic semiconductor. It has hole mobility 
of about 0.1 x 10–4 cm2 V–1 s–1   [13], good solubility, and thermal stability [115]. However, 
the similar bandgap of approximately 1.8 eV in P3HT compared to the ca. 1.7 eV of the 
Sb2S3 absorber leads to parasitic absorption losses. This restricts its applicability in 
semi-transparent Sb2S3 solar cells [13]. The chemical structure of P3HT contains 
thiophene units as shown in Fig. 1.4b. Recent studies by Jiang et al. and Xiang et al. have 
shown that the Sulphur atom in the thiophene unit with its lone pair of electrons can 
form a coordination bond with Sb in the absorber Sb2(S,Se)3 [121,122]. This led to an 
improvement of the interfacial properties between Sb2(S,Se)3 and the HTM [121,122]. 
As an general mechanism, it has been proposed that the interaction between thiophene 
and Sb2(S,Se)3 through the Sb-S bond improved the hole-extraction ability of the HTM, 
resulting in device PCE of 7.46% [121].  

In the context of Sb2S3-based solar cells, Chang et al. pioneered the utilization of P3HT 
as an HTM, achieving a remarkable 5.0% PCE using CBD for preparing Sb2S3 absorber layer 
[123]. To optimize the contact between P3HT and the back electrode Au, Gui et al. used 
a combination of P3HT and PEDOT:PSS as HTMs, resulting in better charge transfer 
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between Sb2S3/P3HT interfaces and enhancement in the PCE from 0.7% (for P3HT based 
device) to 2.3% for P3HT+PEDOT:PSS based cell [124]. In a different approach, Lim et al. 
proposed incorporation of Au nanoparticles into P3HT and demonstrated an improvement 
in the PCE from 4.0 to 4.9% [125]. 

Understanding the critical role of P3HT thickness, Liu et al. reported that a 40 nm thick 
P3HT film outperformed its 70 nm counterpart [126]. Gamboa et al. addressed the 
challenge of low hole mobility in P3HT by incorporating NiOX nanoparticles, which 
resulted in a PCE of 2.90%, significantly higher than the 1.75% achieved with pristine 
P3HT in the control device [127].   

Other HTMs like PCPBDBT [93] along with HTM combinations like P3HT:NiOX [127], 
P3HT/PEDOT:PSS [67], and PCPDTBT/PEDOT:PSS [54] have been explored by various 
research groups (see Table 1.2) with device efficiencies of up to 7.5% [54]. 

Figure 1.4. Chemical structures of conventionally used HTMs - (a) Spiro-OMeTAD [128] and (b) P3HT 
[129]. 

Inorganic HTMs 
Copper thiocyanate (CuSCN) is an inorganic p-type semiconductor, with features such as 
high transparency over a broad-spectrum range, cost-effectiveness, and robust chemical 
stability [114]. Its wide bandgap of approximately 3.6 eV, coupled with a high hole 
mobility ranging from 0.01 to 0.1 cm2 V−1 s−1, positions CuSCN as an excellent candidate 
for deployment as an HTM in solar cells [55]. The inaugural utilization of CuSCN as an 
HTM in Sb2S3-based solar cells by Itzhaik et al. marked a significant breakthrough [110]. 
Post-treatments involving potassium thiocyanate (KSCN) or lithium thiocyanate (LiSCN) 
were introduced, resulting in enhanced p-type conductivity, reduced series resistance, 
and noteworthy PCEs [110]. The optimized thickness of the CuSCN layer was explored by 
Tsujimoto et al., revealing that thicknesses had a direct impact on PCE, with the optimum 
PCE of 3.7% achieved with a 1 µm thick CuSCN layer [130]. 

NiOX, characterized by a wide bandgap ranging from 3.5 to 3.9 eV and a deep VBE (–5.2 
to –5.4 eV), stands out as a p-type semiconductor [114]. Despite its hole mobility ranging 
from 10⁻⁴ to 10⁻² cm2 V−1 s−1, NiOX is exceptionally effective in hole extraction and 
transport, and electron blocking, owing conduction band edge at –1.5 eV [55]. Jin et al. 
introduced NiOX as an HTM in Sb2S3-based solar cells and fabricated devices with PCE of 
3.5% [89].  
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Copper(I) iodide (CuI) is an inorganic p-type semiconductor, possessing a wide bandgap 
of 3.1 eV and hole mobility ranging from 0.5 to 2 cm2 V−1 s−1 [114]. With a valence band 
maximum (VBM) of approximately –5.2 eV, CuI has advantages like inherent stability, 
organic solvent solubility, and cost-effectiveness [114]. In the context of Sb2S3 solar cells, 
Dematage et al. pioneered the use of CuI as an HTM, resulting in a device achieving PCE 
of 2.5% [111]. Sun et al. introduced a spray technique for CuI deposition, outperforming 
drop coating and yielding a PCE of 1.1% [131].  

Other inorganic materials such as V2O5 [94], graphene [112], and carbon [113] have 
been also explored as HTMs in Sb2S3-based solar cells. Zhang et al., prepared V2O5 HTM 
layer by thermal decomposition of spin-coated vanadium(V) triisopropoxide oxide 
solution, resulting in devices with PCE of 4.8% [94]. Graphene, introduced by Xiao et al., 
served both as a transparent electrode and HTM, achieving in device PCE of 1.6% [112]. 
Carbon as HTM and back contact was explored by Chen et al., yielding devices with PCE 
of 1.7% [113]. These diverse materials contribute to the evolving landscape of HTMs, 
each offering unique advantages and potential enhancements to solar cell performance. 

1.4.3 Challenges with conventional HTMs in developing semi-transparent solar 
cells  
The applicability of Sb2S3 solar cells is constrained by their relatively low PCEs and the use 
of expensive HTMs. HTMs are essential components in the solar cell structures, 
performing multiple functions necessary for achieving high PCEs, particularly in 
semi-transparent devices [6]. There is a new grown interest in use of emerging 
photovoltaic technologies for semi-transparent applications like BIPV and solar windows 
[18,132–134]. This necessitates the need to evaluate the AVT in addition to PCE. 
Generally, solar cells are considered semi-transparent when they have an AVT > 20% in 
the visible region [18]. As of today, the most of R&D efforts were dedicated on 
development of semi-transparent organic and perovskite solar cells [41,132,133]. For 
OPV solar cell devices PCE of 10.8% and AVT of 50% in visible light has been reported 
[135]. Semitransparent halide perovskite solar cells have yielded PCE of 13% with 
AVT = 26% in the wavelength range of 350–900 nm [136]. Research on Sb2S3-based solar 
cells for semi-transparent applications is limited [18,134,137]. Pictures of semi-transparent 
perovskite solar cell and USP Sb2S3 solar cells are presented in Fig. 1.5a and b, respectively. 

Figure 1.5. Picture of (a) semi-transparent perovskite solar cell [132] and (b) semi-transparent 
planar Sb2S3 – based solar cell without contacts [18]. 
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Eensalu et al. reported an AVT of 26% (shown in Fig. 1.5b) in a stack configuration of 
glass/ITO/TiO2/Sb2S3 with a USP absorber thickness of 100 nm in 2019 [18]. These findings 
highlight the potential for sprayed Sb2S3-based solar cells to be used in semi-transparent 
applications, especially when combined with a suitably transparent back contact. 
In summary, since semi-transparent photovoltaics are expected to be the main 
application for Sb2S3 thin-film solar cells, there is an urgent need to develop a transparent 
and stable hole transport layer and back contact. 

The HTMs must exhibit high hole mobility, good thermal stability, high solubility in 
suitable solvents, and appropriate band edge positions compatible with Sb2S3 [4]. 
Additionally, HTMs need to be transparent in the visible spectral region (400–800 nm) 
for use in semi-transparent solar cells [55]. Although a large number of novel organic 
HTMs have been tested successfully in perovskite solar cells [115,117,138], there is a 
significant lack of research on their application in Sb2S3 solar cells. 

In all the aforementioned solar cells, the high cost of HTMs like Spiro-OMeTAD 
(≈ 92 Euro per g) [118] and P3HT (≈ 45 Euro per g) [139] limits their commercial 
scalability. Spiro-OMeTAD is synthesized through a multi-step process that necessitates 
low temperatures (–78 °C) and sensitive reagents [21,22]. Additionally, the use of 
Spiro-OMeTAD as HTM in solar cells requires dopants. LiTFSI – a lithium-based salt is used 
to enhance its hole transport capabilities. This doping process increases costs and 
reduces device stability, as the dopant is hygroscopic [23]. Limitations associated with 
the other commonly used HTM – P3HT is that it requires an additional activation step at 
temperatures around 170 °C in a vacuum or inert atmosphere [13,18]. Moreover, 
the similar bandgap values of P3HT (1.8 eV) and Sb2S3 (ca. 1.7 eV) result in parasitic 
absorption losses, thereby limiting the overall transparency of the solar cells [13]. In this 
regard, the use of large bandgap HTMs and tailoring their thickness is crucial for achieving 
high-efficiency and semi-transparent solar cells.  

Given the aforementioned limitations of conventional HTMs like Spiro-OMeTAD and 
P3HT, there is a clear need to explore alternative novel, dopant-free, transparent and 
low-cost HTMs. Daskeviciute et al., employed fluorene-based enamines (V1275, V1235 
and V1236) as HTMs, as potential replacement of conventional Spiro-OMeTAD [140]. 
These new HTMs have the potential to be easily synthesized from commercially available 
starting materials while possessing desirable properties such as good thermal stability, 
appropriate solubility, and high hole mobility. 

1.5 Summary of the literature review and the aim of the thesis 

Antimony chalcogenides, including Sb2S3, Sb2Se3, and Sb2(S,Se)3, show great promise for 
photovoltaic applications owing to their abundance, non-toxic nature, and adjustable 
optoelectronic characteristics [6,67,106]. For Sb2S3, its anisotropic quasi - 1D structure, 
coupled with high optical absorption coefficients exceeding 104 cm–1, and bandgap of ca. 
1.7 eV, makes it suitable candidates for both single-junction and tandem PV devices 
[4,63]. The band gap of Sb2S3 absorber layer of ca. 1.7 eV allows for the fabrication of 
devices for semi-transparent applications and for use as a sub cell in tandem devices 
[4,63].  

Several factors have been identified as critical for the performance of Sb2S3 solar cells 
designed in both, non-transparent and transparent device concepts, including absorber 
and device optimization (e.g., interface engineering, selection of ETL and HTM) [6,67,106]. 
To address these challenges, various groups implemented strategies, including 
modifications to HTM and ETL layers, passivation techniques, novel synthesis approaches, 
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and doping strategies [6,67,106,134]. The device architecture of the solar cell can be 
improved by optimizing layer thickness (TCO, ETL, Absorber, HTM), interfaces and charge 
transport pathways [23]. Based on the literature overview, the following R&D 
advancements and challenges can be summarized:  

1. Through continuous R&D efforts, antimony-based chalcogenides – Sb2S3, Sb2Se3,
and Sb2(S,Se)3 – have demonstrated significant improvements in solar cell
applications, reaching PCEs of 8.0%, 10.57%, and 10.75%, respectively [9,10,45]
within a span of about a decade. These advancements make antimony-based
chalcogenides strong contenders for the next generation of emerging
photovoltaic technologies. Antimony based chalcogenides are at the same stage
as CdTe when it was considered as a potential candidate for commercialization
[46].

2. Sb2S3 thin films can be fabricated using a range of chemical and physical
deposition methods. So far, high-efficiency Sb2S3 solar cells have predominantly
been prepared using cost-effective chemical methods such as spin coating and
CBD. USP, which offers to cover large and is an industrially scalable technique
with low capital has proven its ability to produce the devices with PCEs above
5% [13,18].

3. Solar cell device can be fabricated in both the substrate and superstrate
configuration. The Sb2S3 solar cell stack has a structural composition similar to
CdTe and perovskite solar cells, incorporating an ETL, an absorber layer, HTM,
and metal front and back contacts [37,55].

4. Various organic and inorganic materials have been explored as HTMs in
Sb2S3-based solar cells. HTMs form a crucial component in solar cell structures
that facilitate efficient extraction and transport of photogenerated holes,
prevent metal diffusion, and suppress recombination losses at Sb2S3/HTM
interface [6,55]. Ideal HTMs must possess high hole mobility, thermal stability,
solubility, appropriate band edge positions compatible with absorber Sb2S3 and
transparency in the visible spectral region, especially for use in semi-transparent
solar cells [55].

5. There are only a limited number of studies on the development of Sb2S3 solar
cells for semi-transparent applications. The integration of P3HT as a HTM in
Sb2S3 solar cells is constrained by its parasitic absorption in the visible spectrum,
resulting in a reduction of the overall transmittance of the solar cell [14,55].
Additionally, P3HT also requires additional post-deposition activation at
temperatures around 170 °C either in a vacuum or inert atmosphere [13,18].
Spiro-OMeTAD needs dopant which causes stability issues [23]. Conventional
HTMs like Spiro-OMeTAD and P3HT utilized in Sb2S3 based solar cells are
expensive mainly due to their complex, expensive, and time-consuming
synthesis processes.

6. Considering the limitation of conventional HTMs, there is a need for
development of new alternative HTMs with suitable optoelectronic properties
allowing efficient charge selectivity and transport in the Sb2S3 solar cell device.
This requires systematic optimization of HTM layers as well as fundamental
understanding of the impact of these HTL on the functionality of the Sb2S3 based
solar cell devices.
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Based on the literature review and the identified research gaps, the following hypothesis 
are proposed for this study:  

1. The type, methodology for the application of HMT layer and HTM layer
thicknesses have impact on the efficiency of charge transfer at the
absorber/HTM interface and solar cell performance.

2. Dopant-free fluorene-based enamines are suitable as a hole selective contact in
Sb2S3 solar cells. The choice of HTM will affect band alignment at the back
interface, which, in turn, affects hole extraction and the overall performance of
the fabricated solar cells.

3. A combination of material and device characterization techniques will provide
new insights into the functionality of fluorene-based compounds as HTMs,
particularly in relation to their influence on the performance of Sb2S3-based
semi-transparent devices.

Aim of the thesis 
The main aim of this thesis is to develop semi-transparent Sb2S3-based solar cells with 
employment of new fluorene-based HTMs and provide understanding on the impact of 
these HTMs on efficacy of the charge transport in the solar cell device, including physical 
and chemical aspects of the phenomena occurring at the absorber-back contact 
interface. To achieve the aim, the research tasks were formulated as follows: 

1. To fabricate planar glass/FTO/TiO2/Sb2S3/HTM/Au thin film solar cells, with TiO2

as ETL and Sb2S3 absorber grown via USP, with a specific emphasis on developing
the technology for application of novel HTM layers via spin coating.

2. To fabricate and characterize solar cells incorporating three distinct groups of
fluorene-based enamines as dopant-free HTMs: fluorene-based compounds
with aliphatic chains, fluorene-based compounds with thiophene end units and
fluorene-based compounds with dimers linked with thiophene units.

3. To evaluate the solar cell performance along with an analysis of AVT, depending
on each employed HTM group. To investigate and propose possible mechanism
of inter relation between the overall device performance and HTM properties.



35 

2 Experimental 

In this chapter, the experimental methods utilized in articles I–IV for the preparation, 
characterization, and analysis of HTMs, solar cell component layers and Sb2S3 solar cell 
devices are summarized. 

2.1 Preparation of Sb2S3 thin films solar cells 

Antimony sulfide solar cells were fabricated in a superstrate configuration 
(glass/FTO/TiO2/Sb2S3/HTM/Au) using a USP setup (Fig. 2.1a). The device configuration is 
depicted in Fig. 2.1b and the standard procedure for fabricating Sb2S3 solar cells is 
illustrated in Fig. 2.1c. 

Glass/FTO substrate 
FTO-coated glass substrate (25 mm × 25 mm) with a sheet resistivity ≈ 10 Ω sq−1 were 
subjected to a thorough cleaning process. The samples were rinsed with deionized water, 
ethanol (C2H5OH), and methanol (CH3OH), subsequently cleaned in boiling deionized 
water for 15 minutes, and dried with nitrogen before the deposition.  

TiO2 thin film deposition by ultrasonic spray pyrolysis 
The TiO2 precursor solution was prepared by mixing 0.2 M titanium (IV) isopropoxide 
(TTIP, Ti(OC3H7)4) with 0.2 M acetylacetone (AcacH, (CH3CO)2CH2) in solvent ethanol. 
Both, TiO2 as ETL and Sb2S3 as absorber layer were deposited on the glass/FTO substrate 
using an indigenous and scalable USP setup. The USP procedure involves generating an 
aerosol from the precursor solution via an ultrasonic generator. This aerosol is sprayed 
on the substrate using compressed air. The directing gas nozzle generally operates inside 
the x-y plane to provide consistent coating. TiO2 was applied in over 75 cycles, utilizing 
approximately 80 ml of the solution in 35 minutes, with a carrier gas flow rate of 
7.5 l/min and a spray rate of 2.5 ml/min. The substrate was kept on a hot plate at 340 °C 
in air. The prepared TiO2 films were thereafter annealed at 450 °C for 30 minutes in air. 

Sb2S3 absorber thin film deposition by ultrasonic spray pyrolysis 
Sb2S3 absorber thin film was prepared in a 2-step process as pioneered previously in 
Laboratory for Thin Film Energy Materials in Tallinn University of Technology [13,51,72]. 
It involves the deposition of amorphous Sb2S3 layer on top of glass/FTO/TiO2 substrate 
and thereafter crystallizing it by annealing in N2 environment [13,72]. The precursor 
solution was prepared by mixing 60 mM of antimony chloride (SbCl3) with 180 mM of 
thiourea (SC(NH2)2) in the solvent methanol. The same USP setup was adopted for Sb2S3, 
with the substrate temperature maintained at 200 °C and the carrier gas flow rate at 
2.5 l/min. The deposition utilized 40 cycles and approximately 60 ml of precursor. 
The deposition time was about 30 minutes, resulting in a spray rate of 1.5 ml/min. 
The as-deposited Sb2S3 thin films were then annealed at 260 °C for 5 minutes in a 
nitrogen atmosphere. 

Hole transport material layer deposition by spin coating 
The hole transport materials in powder form were synthesized by Prof. Vytautas Getautis 
group in Kaunas University of Technology in Lithuania. A detailed description of the HTM 
synthesis, their characterization and properties were published in articles [140], II–IV and 
is summarized in Appendix 2. The studied HTMs molecules have a central fluorene 
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scaffold, and these compounds can be synthesized in a straightforward condensation 
reaction from commercially available inexpensive materials. The as received HTM powders 
were then dissolved in solvent chlorobenzene (C6H5Cl). To complete the solar cell 
fabrication, the HTM layers were spin-coated (3000 rpm, 30s) over glass/FTO/TiO2/Sb2S3 
stack from their respective precursor solutions. The concentration of the fluorene-based 
HTMs was systematically varied for all the HTMs to obtain the optimal value of thickness 
resulting in the highest PCE in solar cells. P3HT was dissolved in chlorobenzene and its 
concentration was fixed at 1 wt. %, as conventionally used [13,51,72]. Following the 
spin-coating of P3HT, the samples underwent heat treatment in a vacuum at 170 °C for 
5 minutes to activate P3HT, while this step was not required for the new HTMs.  

Back contact deposition by thermal evaporation 
Thermal evaporation process is employed to deposit an 80–100 nm-thick gold (Au) back 
contact using a shadow mask with the resulting contact area of 7.06 mm2. 

Figure 2.1. (a) Schematics of ultrasonic spray pyrolysis setup, (b) device configuration and 
(c) fabrication process of Sb2S3 based solar cells.

2.2 Characterization of solar cell component layers and solar cell device 

The crystal structure and phase composition of the as-deposited and annealed Sb2S3 thin 
films were analyzed using X-ray diffraction (XRD). Measurements were conducted on the 
glass/FTO/TiO2/Sb2S3 stack, with a Rigaku Ultima-IV, utilizing a Cu Kα radiation source 
(λ = 1.5406 Å) over a 2θ range of 10–80°. The recorded patterns were analyzed with a 
Rigaku PDXL2 software (I, II, IV). Micro-Raman spectra were obtained at ambient 
temperature for the glass/FTO/TiO2/Sb2S3 stack utilizing a Horiba Labram HR 800 
apparatus, which was fitted with a He-Ne laser attenuated to 143 mW/mm² and focused 
on a 5 mm diameter region. The thicknesses of the TiO2, Sb2S3 absorber, and HTM layers 
were measured using scanning electron microscopy (SEM) with a Zeiss HR FESEM Ultra 
55, operated at a 4 kV electron beam (I–IV). The total transmittance and reflectance 
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spectra for the glass/HTM, glass/FTO/HTM and glass/FTO/TiO2/Sb2S3/HTM cell 
stacks were recorded using an ultraviolet-visible (UV-VIS) spectrophotometer over the 
300–1100 nm range. Average Visible Transmittance (AVT) values for both samples were 
calculated from transmittance spectra in the 400–800 nm range (I-IV). The optical band 
gaps (Eg) of the absorber and HTM films were calculated from the absorption spectra 
using Tauc plots (I–IV). XRD, Raman, SEM and transmittance studies were conducted at 
Tallinn University of Technology (I–IV). 

Ionization potential (IP) values of functional layers were determined using self-built 
photoelectron emission yield spectroscopy (PYS) system. The measurements were 
conducted in a vacuum of approximately 2 × 10–5 mbar. The system includes the 
ENERGETIQ Laser-Driven Light Source (LDLS EQ-99) white light source, a Spectral 
Products DK240 1/4m monochromator for regulating the wavelength of UV radiation 
incident on the sample, and a Keithley 617 electrometer utilized as a voltage source and 
for electrical current measurements. The measurements were done between 4.00 and 
6.00 eV photon energy with the step of 0.05 eV, registering the number of electrons 
emitted from the sample at each wavelength (I–IV). The work function of gold metal 
contacts was determined utilizing a Kelvin probe. X-ray photoelectron spectroscopy (XPS) 
measurements of the stacks glass/FTO/TiO2/Sb2S3 with and without HTM were made on 
a Thermo Fisher ESCALAB Xi system with a monochromatic Al Ka (1486.7 eV) X-ray source 
(IV). The PYS and XPS measurements were made by Raitis Gržibovskis from the University 
of Latvia. Density Functional Theory (DFT) calculations were performed using the B3LYP 
functional and 6-31G(d,p) basis set to determine the highest occupied and lowest 
unoccupied molecular orbitals of the molecules, based on optimized ground-state 
geometries. All calculations were performed using the Gaussian 09W software, with 
graphical representations generated by the Avogadro program (IV). The DFT calculations 
were conducted by Prof. Aivars Vembris from the University of Latvia. 

J-V characteristics of the fabricated solar cells were measured under standard AM1.5G
conditions (100 mW/cm² at room temperature) with irradiance utilizing a Wavelabs LS-2 
LED solar simulator equipped with AUTOLAB PGSTAT 30 (I–IV). The EQE spectra of solar 
cell devices were recorded with a Newport 300 W Xenon lamp, Newport Cornerstone 
260 monochromator, a Merlin digital lock-in detector and a factory-calibrated silicon 
reference detector. J-V and EQE measurements of the solar cell stack were performed at 
Tallinn University of Technology (I–IV). 
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3 Results and Discussions 

This chapter presents the results of the study on Sb2S3 solar cells incorporating novel, 
dopant-free fluorene-based compounds as HTMs. The solar cells were fabricated using 
thin-film Sb2S3 in a superstrate configuration glass/FTO/TiO2/Sb2S3/HTM/Au. The chapter 
is organized into four sections. The first section covers the properties of the deposited 
Sb2S3 absorber layer, followed by a section detailing the development of technology for 
deposition of the studied HTMs. The subsequent three sections present the results of 
solar cell fabrication and characterization, focusing on three distinct groups of fluorene-
based compounds used as HTMs. These groups include fluorene-based molecules with 
aliphatic chains (V1275, V1235, V1236, V1461), fluorene-based molecules with 
thiophene end units (V808, V1385, V1386), and fluorene-based molecules with dimers 
linked with thiophene units (V1422, V1423, V1454, V1455). The results of the solar cell 
studies involving the first group of HTMs are detailed in articles I and III, the second group 
in article II, and the third group in article IV. 

3.1 Properties of ultrasonically sprayed Sb2S3 absorber film 

Herein, the characterization of Sb2S3 thin films grown by USP are detailed. The findings 
are published in articles I, II and IV. The quality of the as-deposited and annealed Sb2S3 
films were analyzed prior to their application in solar cells, with deposition parameters 
kept constant throughout the study.  

Figure 3.1. (a) XRD patterns, (b) Raman spectra, (c) Tauc plots of as-deposited and annealed Sb2S3 
films. Substrate: glass/FTO/TiO2/Sb2S3.     
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Optical microscopy images (Fig. S1 in SI, in article I and Fig. 2 in article II) showed that 
the as-deposited Sb2S3 films conformally cover the TiO2 layer, devoid of pinholes or 
crystallization, which often occurs during deposition and can degrade film quality. Fig. 3.1a 
presents the XRD patterns of the as-deposited and annealed Sb2S3 films on 
glass/FTO/TiO2 substrates. The as-deposited films exhibit only the peaks associated with 
the FTO and anatase TiO2 layers, indicating amorphous Sb2S3 layer. After annealing, sharp 
peaks at 2θ values of 15.9°, 17.8°, 29.2°, and 30.5° appear, confirming the crystallization 
into orthorhombic Sb2S3 (ICDD PDF 01-075-4013) [13,18,72]. No Sb2O3 peaks, which 
appear at 2θ values of 13.6° and 27.5° are detected, indicating high-purity films quality 
devoid of impurities and undesired oxide phases. The transition from amorphous as 
deposited layer to crystalline Sb2S3 layer after annealing is further confirmed by Raman 
spectroscopy (Fig. 3b). The sharp peaks observed at 128, 155, 188, 236, 280, 302, and 
312 cm−1, are characteristic of the orthorhombic stibnite structure [13,18,72].  

UV-Vis-NIR spectroscopy reveals that annealed Sb2S3 films exhibit stronger absorption 
and a sharper edge at around 700 nm, compared to 650 nm for the amorphous films 
(article I and II). The optical band gaps were 1.77 eV for crystalline film after annealing 
and 2.07 eV for the as deposited amorphous films, as determined from the Tauc plot of 
the absorption spectra (Fig. 3.1c). The determined Eg values are similar to previously 
reported ones for sprayed Sb2S3 films [13,18]. Optical, morphological, compositional and 
structural optical analyses indicate that annealed Sb2S3 films provide good coverage, a 
single-phase stibnite structure, and a suitable bandgap of ca. 1.8 eV for solar cells. 
For each batch of solar cells prepared, the quality of the prepared Sb2S3 absorber film 
was analyzed. The IP of the Sb2S3 layer was measured to be at 5.1 eV using the PYS 
technique. With a bandgap of 1.77 eV, the CBE is positioned at 3.4 eV (I–IV). 
The thickness of the Sb2S3 absorber layer, as measured by SEM, ranged from 80 to 
100 nm (I–IV). Next, for device fabrication, HTMs were spin-coated on the crystallized 
Sb2S3, followed by thermal evaporation of metal contacts.  

3.2 Development of technology for deposition of HTM thin films 

In this study, a total of eleven fluorene-based compounds were examined as HTMs for 
the first time in Sb2S3 solar cells. These compounds are broadly categorized into three 
groups: fluorene-based HTMs with aliphatic chains (V1275, V1235, V1236, V1461), 
fluorene based HTMs with thiophene end units (V808, V1385 and V1386) and fluorene 
based HTMs with dimers linked with thiophene units. Three of the compounds – V1275, 
V1235 and V1236, from the first group have previously been synthesized, characterized 

and employed successfully as dopant-free HTMs in perovskite solar cells [140]. 
The remaining compounds were synthesized for the first time specifically for use in Sb2S3 
solar cells as HTMs. One of the aims of the present study was to develop the technology 
of application of these novel HTMs via spin coating. In prior applications, V1275, V1235 
and V1236 were used at a concentration of 15 mM, producing HTM layers with a 
thickness of 70 nm in PSCs [140]. As fluorene-based compounds were applied as HTMs 
in Sb2S3-based solar cells for the first time, determining the appropriate layer thickness 
for highest efficiency was necessary. This was accomplished by changing the HTM 
concentration in the precursor solution to achieve the desired layer thickness suitable 
for the Sb2S3 solar cell stack. Similarly, different concentrations of P3HT (0.5, 1 and 
2% wt.) in the precursor solution were tested and optimized to maximize efficiency for 
the solar cell stack, as detailed in article I (Fig. S5 and Table S2, in SI).  
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Thin film Sb2S3-based solar cells were fabricated in the superstrate configuration of 
glass/FTO/TiO2/Sb2S3/HTM/Au, as illustrated in Fig. 2.1b, section 2.1. A systematic 
approach was used to optimize the concentration for all three groups of investigated 
fluorene-based compounds in their respective precursor solutions. For the first group of 
fluorene-based compounds with aliphatic chains (V1275, V1235, V1236, V1461), a 15 mM 
HTM precursor solution was initially used, a concentration that had previously been 
successful in PSCs [140]. However, the J-V characteristics of the prepared solar cell 
indicate low cell performance. Solar cell fabricated with 15 mM V1235 solution, exhibited 
a low JSC of 0.8 mA/cm² and a high RS of 23 Ω·cm² (see Table 3.1). Next, the HTM solutions 
were diluted to lower concentrations of 4, 2 and 1 mM. SEM cross-sectional images of 
solar cells with HTM layers from V1235 at various precursor concentrations are shown in 
Fig. 3.2.  

Table 3.1. Effect of HTM V1235 precursor solution concentration on solar cell performance output 
parameters. 

V1235 conc. 
[mM] 

VOC 
[mV] 

JSC 
[mA/cm2] 

FF 
[%] 

PCE 
[%] 

RS 
[Ω·cm2] 

15 490 0.8 21 0.8 23 

4 570 12.5 42 3.0 2.1 

2 587 15.5 47 4.3 1.3 

1 582 14.1 45 3.7 1.0 

Figure 3.2. SEM cross-sectional images of Sb2S3 solar cells with varying concentrations of HTM 
V1235 (15, 2, and 1 mM). Substrate – glass/FTO/TiO2/Sb2S3/HTM/Au. 

       As the concentration is decreased, HTM layer thicknesses also decrease: 120 nm for 
15 mM, 25 nm for 2 mM, and 15 nm for 1 mM. This reduction in thickness correlates with 
a drop in RS from 23 to 1.0 Ω cm² as the concentration is reduced from 15 to 1 mM. 
For V1235, reducing the concentration to 2 mM increased resulting device VOC to 
587 mV, JSC to 15.5 mA/cm², FF to 47% and PCE to 4.3%. Conversely, further dilution to 
1 mM reduced JSC and PCE. Similar trends during concentration optimizations were 
observed for other HTMs V1275, V1236, and V1461 (Fig. 4a in article I and Fig. 3b-d in 
article III), with 2 mM giving the best results. Likely, very thin HTM layers (< 20 nm) may 
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not cover the absorber uniformly, causing pinholes and direct contact between the metal 
contact and the absorber. The molecular structure of the HTM influences layer 
formation, as seen in case of devices with V1275, which showed minimal performance 
decline at low thicknesses (see article III).  

For the second group of fluorene-based compounds with thiophene end units (V808, 
V1385, and V1386), a concentration of 70 mM for V808 was initially tested. The resulting 
solar cell exhibited low PCE (< 1%) and very high RS (> 100 Ω·cm2), likely due to the 
increased thickness from the high HTM concentration. Therefore, lower concentrations 
of 18, 9, and 4.5 mM were utilized. The J-V curves for the prepared solar cells with varying 
precursor concentrations of V808, V1385, and V1386 are presented in Fig. 3b-d, article 
III. The device PCEs with V808 at 70, 18, 9, and 4.5 mM were 0.1%, 2.0%, 4.7%, and 3.7%,
respectively. A precursor concentration of 9 mM, producing a layer thickness of ca. 25 nm
(Fig. 4c, article II), was determined to be optimal for all three investigated HTMs, leading
to the highest device PCE.

For the third group of fluorene-based compounds with dimers linked with thiophene 
units (V1422, V1423, V1454, V1455), a similar systematic optimization of precursor 
solutions was carried on, as performed for the first two HTM groups. The impact of 
varying fluorene-based HTM solution concentrations (4, 2, 1, 0.6 mM) on solar cell 
performance was studied, with optimal cell performance observed at 2 mM, similar to 
the results obtained for HTMs with aliphatic chains (article I and III). Solar cells fabricated 
with 2 mM precursor solutions showed the highest performance, independent of the 
HTM used. The resulting solar cell performance parameters are presented in article IV 
(Table S1, in the SI).  

In summary, a method for preparing layers of novel fluorene-based HTMs on USP 
deposited Sb2S3 absorber layer via spin coating was developed. Systematic optimization 
of the concentration of the new compounds in the precursor solution led to HTM layers 
with an optimal thickness of 20–25 nm. In addition, a 1% wt. concentration of P3HT, 
resulting in an HTM layer thickness of about 80–100 nm, was found to be optimal for 
highest device performance in the Sb2S3 solar cell stack. 

3.3 Solar cells with fluorene-based HTMs with aliphatic chains (V1275, 
V1235, V1236, V1461) 

The first group of HTMs explored in antimony sulfide-based solar cells are fluorene-based 
compounds with aliphatic chains. The key distinction among these HTMs lies in 
the length of their aliphatic chains. The chemical structure of these HTMs – 
N2,N2,N7,N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9H-fluorene-2,7-diamine (V1275), 
N2,N2,N7, N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9,9-dipropyl-9H-fluorene-2,7-
diamine (V1235), N2,N2,N7,N7-Tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9,9-dihexyl-9H-
fluorene-2,7-diamine (V1236) and N2,N2,N7,N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-
9,9-dinonyl- 9H-fluorene-2,7-diamine (V1461) are presented in Fig. 3.3. Previously, 
V1275, V1235 and V1236 has been used in n-i-p perovskite solar cells as dopant-free 
HTMs with cells yielding PCE of up to 17.1% [140]. The synthesis route along with details 
of the characterization and properties of the HTMs are in articles [140], III and 
summarized in Table S1 in Appendix 2. 
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Figure 3.3. Chemical structures of fluorene-based compounds with different length of aliphatic 
chains – V1275, V1235, V1236 and V1461.  

Sb2S3 solar cells were fabricated in superstrate configuration as shown in Fig 2.1b and 
the results of solar cell study are published in articles I and III. The devices were 
fabricated using an optimal 2 mM precursor solution concentrations of the HTMs V1275, 
V1235, V1236, and V1461, along with devices incorporating 1 wt. % P3HT, and a reference 
device without an HTM (glass/FTO/TiO2/Sb2S3/Au), all within the same batch. The J-V 
characteristics of the champion cells are presented in Fig. 3.4a, with corresponding data 
shown in Table 3.2. The reference device without any HTM exhibited a VOC of 450 mV, 
JSC of 12.8 mA/cm², FF of 40%, and PCE of 2.1%.  

Figure 3.4. (a) J-V characteristics of champion cells without HTM and with HTMs (V1275, V1235, 
V1236, V1461 and P3HT), and (b) EQE curves of Sb2S3 solar cells with different HTMs. 

Table 3.2. Solar cell performance parameters of champion devices without HTM and with HTMs –
V1275, V1235, V1236, V1461 and P3HT. 

HTM HTM 
conc. 

VOC  
[mV] 

JSC 
[mA/cm2] 

FF 
[ %] 

PCE 
[ %] 

RS 
[Ω·cm2] 

RSH  
[Ω·cm2] 

No HTM - 450 12.8 40 2.1 3.2 210 

V1275 2 mM 572 15.3 44 3.9 1.2 390 

V1235 2 mM 587 15.5 47 4.3 1.3 444 

V1236 2 mM 612 13.8 46 3.9 0.6 384 

V1461 2 mM 573 15.0 43 3.7 1.8 373 

P3HT 1 wt. % 650 11.2 50 3.8 3.5 650 
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The inclusion of HTMs significantly improved the device VOC, reaching 570–610 mV for 
the fluorene-based HTMs and 650 mV for P3HT, correlating with an increase in shunt 
resistance (RSH). The increase in VOC by use of HTMs can be attributed to the prevention 
of direct contact between the Au electrode and the absorber layer, which reduces 
recombination losses at the back contact and enhances charge extraction. The highest 
device PCE of 4.3% was achieved with the HTM V1235, being higher than that 
demonstrated by the device with P3HT, which exhibited a PCE of 3.8%. 

The external quantum efficiency (EQE) responses of the fabricated solar cells were 
analyzed and are presented in Fig. 3.4b. Solar cells with fluorene-based HTMs 
demonstrate higher EQE spectral response across entire wavelength range as compared 
to cells with P3HT. The P3HT cells exhibited a concave shape in the 500–700 nm region, 
while this feature is not expressed in the fluorene-based HTM cells. This concavity in EQE 
curve is linked to P3HT’s lower bandgap value of ca. 1.8 eV, compared to the bandgap of 
novel HTMs of 2.8–3.0 eV ([140], III). It should be notified here that a mistake was made 
in determination of the band gap value for V1236 in article I, and thus we are using here 
and in the further analysis Eg of 2.8 eV as measured for the material by Daskeviciute 
et al. in [140].  

The statistical box plots of solar cell performance parameters’ (VOC, JSC, FF and PCE) for 
devices with no HTM, with new HTMs (V1275, V1235, V1236, V1461) and with P3HT are 
presented in Fig. 3.5. Solar cell devices with all new HTMs exhibit higher JSC but a lower 
VOC compared to devices employing P3HT. The higher JSC in cells with new HTMs are likely 
due to their lower thickness and higher Eg value of 2.8–3.0 eV compared to P3HT. 
However, VOC values in devices are slightly lower with new HTMs (570–610 mV) 
compared to devices with P3HT (600–650 mV). The higher VOC observed in devices using 
P3HT could be attributed to beneficial interactions at the Sb2S3/P3HT interface. 
The presence of the thiophene unit in P3HT's structure can enhance carrier collection 
and reduce recombination [23,141,142]. Additionally, new HTMs with a lower thickness 
(15–20 nm) may enable a direct Au contact with the absorber at some points, unlike in 
case of thicker P3HT film (ca. 100 nm).  



 

44 

 

Figure 3.5. Box-plot diagrams of device performance parameters (VOC, JSC, FF, PCE) of the fabricated 
solar cell devices without HTM and with various HTMs (P3HT, V1275, V1235, V1236 and V1461). 

Interestingly, previous study with perovskite cells employing fluorene-based HTMs  
(70–150 nm) also yielded lower VOC compared to devices with Spiro-OMeTAD [140]. 
Despite the reduced VOC, the PCE of devices with HTMs V1275, V1235, V1236 and V1461 
is comparable or higher than that obtained with P3HT. According to the Fig 3.5,  
the spread of the device performance parameters is reasonably small, demonstrating a 
good reproducibility of the fabricated solar cells. 

Photoemission yield spectroscopy (PYS) was employed to measure the IP values of all 
functional layers within the solar cell stack – FTO, TiO2, Sb2S3, and the investigated HTMs 
– in order to determine the band alignment. In TCO/TiO2/Sb2S3/HTM device, VBE values 
for FTO, TiO2, and Sb2S3 were at –8.7, –7.4 and –5.1 eV, relative to the vacuum level, 
respectively. The measured work function of Au contact was at 5.1 eV. HOMO levels for 
organic HTMs – P3HT, V1275, V1235, V1236 and V1461 were determined to be at  
–4.6, –4.9, –4.8, –5.0 and –4.9 eV, respectively. HOMO levels of new HTMs are close to 
that of Spiro-OMeTAD (–5.2 eV) and PCPDTBT (–5.2 eV), as reported in literature [6].  
The determined Eg values were found to be 2.96 [III], 2.96 [III], 2.80 [140], and 2.98 eV 
[III] for V1275, V1235, V1236 and V1461, respectively.  
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Figure 3.6. Band energy diagram of Sb2S3 solar cells with functional layers (FTO, TiO2, Sb2S3, HTMs 
and Au). 

Figure 3.7. (a) Transmittance spectra of HTM layers deposited on glass/FTO substrate and  
(b) calculated average visible transmittance (AVT) values for solar cell devices in the 400–800 nm 
range.

Recombination losses are reduced by applying the new HTM, as their electron affinity 
(Ea) or LUMO level (–2.0 to –2.2 eV, Fig. 3.6) is lower than the CBE of Sb2S3 (–3.4 eV), 
effectively blocking electron transfer from the Sb2S3 absorber to the HTM. The VBE of 
Sb2S3 (–5.1 eV) and the new HTMs (–4.8 to –5.0 eV) allow for feasible photogenerated 
hole transfer, although HTMs with higher HOMO levels could offer improved performance. 

The transmittance spectra of the HTM layers (V1275, V1235, V1236, V1461 and P3HT) 
deposited on a glass/FTO substrate are presented in Fig. 3.7a. Parasitic absorption is 
evident for P3HT within the 400–650 nm range, which is not observed for the new HTMs. 
The AVT values, calculated over the 400–800 nm range for all fabricated solar cell devices 
(glass/FTO/Sb2S3/HTM), are shown in Fig. 3.7b. Solar cells with P3HT exhibit AVT values 
of 23%, while those with fluorene-based HTMs reach up to 27%, offering about 20% 
higher transparency than P3HT-based devices. HTM film thicknesses are approximately 
100 nm for P3HT and 25 nm for fluorene-based HTMs, optimized for maximum efficiency 
in Sb2S3-based solar cells. The increased transparency with fluorene-based HTMs 
underscores their potential for semi-transparent solar cell applications. 
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In summary, we have applied four dopant free fluorene-based compounds with 
different length of aliphatic chains in their structure – V1275, V1235, V1236 and V1461, 
as HTMs in antimony sulfide based solar cells. Band diagrams of solar cells employing the 
new HTMs reveal favorable band offsets for efficient charge transfer. Results 
demonstrated notable improvements in device performance with the introduction of 
new HTMs as compared to device without an HTM. Solar cells with optimized thicknesses 
of layers of HTMs V1275, V1235, V1236, and V1461 achieved efficiencies of 3.9%, 4.3%, 
3.9%, and 3.7%, respectively, that are comparable or higher than obtained with P3HT 
based device (3.8%). Solar cells with the new HTMs achieve AVT values of up to 27% in 
the visible range, demonstrating their suitability for semi-transparent applications.  

3.4 Solar cells with fluorene-based HTMs with thiophene end units (V808, 
V1385 and V1386) 

The second group of HTMs explored in Sb2S3 solar cells are fluorene-based molecules 
with thiophene end units, and the results are published in article II. The core distinction 
between these HTMs is the number of thiophene units present. The three HTMs explored 
were V808, V1385 and V1386 with one, two and three thiophene units, respectively.  
The chemical structure of these HTMs – N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9-
(thiophen-2-ylmethylene)-9H-fluorene-2,7-diamine (V808), 9-([2,2’:5’,2’’-terthiophen]-
5-ylmethylene)-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1385), 
and 9-([2,2’:-bithiophen]-5-ylmethylene)-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-
fluorene-2,7-diamine (V1386) are presented in Fig. 3.8. These compounds have been 
synthesized for the first time and are inspired from the structure of thiophene containing 
P3HT.  

Figure 3.8. Chemical structures of the fluorene-based HTMs with different number of thiophene end 
units – V808, V1385, and V1386.  

The objective of investigating thiophene-based HTMs was motivated by recent 
studies by various research groups demonstrating that thiophene units inside the HTM 
molecule may interact with Sb atoms in the absorber layer Sb2(S,Se)3 [23,143,144]. 
This led to improvement in the interfacial characteristics between Sb2(S,Se)3 and the 
HTM layers [23,143,144]. The interaction can create favorable hole transport pathways 
and may improve both the VOC and FF relative to devices without any HTM layer. 
V808 molecule has a singular thiophene end unit with symmetrically attached 
4,4-dimethoxydiphenylamine chromophores on either side of the fluorene core. 
Additionally, to investigate the possibility of enhanced Sb-S interaction, molecules 
incorporating two and three thiophene units into the fluorene core were also 
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synthesized, and are referred to as V1385 and V1386, respectively. Structural, thermal, 
optical and electrical properties of the synthesized HTMs were analyzed and the results 
are presented in article II and summarized in Table S1 in Appendix 2.  

Solar cells were fabricated using novel HTMs – V808, V1385, and V1386 in the same 
batch and were compared to the devices without HTM and with conventional HTM – 
P3HT. Solar cells were fabricated using 9 mM precursor solution concentrations of the 
HTMs V808, V1385, and V1386, as had been previously optimized for the solar cell stack 
(see section 3.2). Fabricated devices without an HTM demonstrated a VOC of 430 mV, a 
JSC of 12.0 mA/cm², FF of 41% and PCE of 2.10%, consistent with the behavior of bare 
Sb2S3-based solar cells (as shown in section 3.3). The J-V characteristics of the champion 
Sb2S3 solar cells without and with HTMs (V808, V1385, V1386 and P3HT) are presented 
in Fig. 3.9a, along with device parameters are detailed in Table 3.3.  

Figure 3.9. (a) J−V characteristics of champion solar cells without HTM and with HTMs – P3HT, V808, 
V1385 and V1386 and (b) Normalized EQE curves with the integrated JSC of Sb2S3 solar cells with 
different HTMs. 

Devices with the new HTMs achieved PCE of 4.73%, 4.94%, and 4.50% with V808, 
V1385, and V1386, respectively, that is significantly higher than 2.1% recorded for the 
device without any HTM. Open circuit voltages for devices with the new HTMs are in the 
range of 560–680 mV, that is slightly lower compared to 690 mV measured for 
P3HT-based solar cells. It should be noted here the VOC values in the solar cell device 
decrease with an increase in the number of thiophene moieties in HTM molecule (from 
V808 to V1386) as can be clearly seen from J-V curves in Fig. 3.9a and box-plots of the 
device output parameters, in Fig. 3.10. Solar cells with new HTMs exhibit similarly high 
JSC values up to 14 mA/cm² (Fig. 3.9a, Fig. 3.10b) that is higher compared to ca. 
12.0 mA/cm² for devices without any HTM or with P3HT.  
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Table 3.3. Device performance parameters of champion Sb2S3 solar cells with HTMs – V808, V1385, 
V1386 and P3HT. 

HTM HTM 
conc. 

VOC 
[mV] 

JSC 
[mA/cm²] 

FF 
[ %] 

PCE 
[ %] 

RS 
[Ω·cm2] 

RSH  
[Ω·cm2] 

no HTM - 430 12.0 41 2.1 1.3 167 

V808 9 mM 630 13.9 54 4.7 1.0 586 

V1385 9 mM 680 13.7 53 4.9 2.3 569 

V1386 9 mM 560 13.6 59 4.5 0.9 844 

P3HT 1 wt. % 690 11.7 58 4.7 2.1 1190 

Figure 3.10. Box-plot diagrams of performance parameters of the fabricated solar cell devices 
without any HTM and incorporating various HTMs (P3HT, V808, V1385, and V1386).  

Solar cells with fluorene-based HTMs with thiophene end units exhibit fill factor values 
around 55% (Fig. 3.10c) and very similar average PCEs at around 4.7%, comparable to 
that with P3HT (Fig. 3.10d), except for V1386, which shows slightly lower efficiency due 
to a reduced VOC. The statistical box plots in Fig. 3.10 also demonstrates a relatively good 
reproducibility of device performance parameters, including nearly identical efficiency 
spread for both P3HT and the new HTM devices, with average efficiencies in a similar 
range. The normalized EQE curves of solar cells employing both new HTM layers and 
P3HT are presented in Fig. 3.9b. Notably, solar cells with P3HT (Eg – 1.8 eV) show a dip in 
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EQE within the 500–650 nm range, indicating parasitic absorption losses. In contrast, new 
HTMs with band gap values in the range of 2.3 to 2.9 eV do not exhibit this dip.  

The HOMO levels for new HTMs – V808, V1385, and V1386 were determined to be 
positioned at –4.9, –5.0 and –5.0 eV, respectively, according to IP measurements via PYS 
technique. The Eg values of V808, V1385, and V1386 are estimated to be 2.8, 2.5, and 
2.3 eV, respectively, based on the absorption coefficient-derived Tauc’s plots. The energy 
band diagram, as depicted in Fig. 3.11, illustrates agreeable band offsets conducive to 
the transport of photogenerated holes from the absorber to the metal back contact. 
Although, despite exhibiting favorable band edge positions, solar cell devices with 
fluorene-based HTMs have led to slightly lower VOC values compared to P3HT. This may 
be attributed to additional factors such as interfacial recombination at the Sb₂S₃/HTM 
interface. Two potential sources of recombination could be the direct contact between 
the electrode and absorber layer, leading to creation of micro shunts, due to thinner new 
HTM layers and the quality of the interface between the absorber and HTM layer. 

Figure 3.11. Band energy diagram of Sb2S3 solar cell stack with different HTMs (P3HT, V808, V1385 
and V1386). 

An assessment of the overall optical transparency of device stacks without the top 
metal contact was conducted. Optical transmittance studies conducted for P3HT and the 
new HTM layers (V808, V1385, and V1386) on glass/FTO substrates, as depicted in 
Fig. 3.12a, corroborate the absorption by P3HT, as evidenced by the dip in transmittance 
curve within the 400–650 nm region. 

Fig. 3.12b presents the AVT of the solar cells as calculated from total transmittance 
spectra within the 400–800 nm range for the devices (without metal contact) employing 
P3HT, V808, V1385, and V1386 HTMs, yielding values of approximately 26, 33, 30 and 
28%, respectively. It can be concluded the that the number of thiophene units affect the 
value of the band gap and this is reflected in the final AVT of the device. 
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Figure 3.12. (a) Transmittance curves of glass/FTO and glass/FTO/HTM stacks and (b) calculated AVT 
for solar cells without metal contact in range of 400–800 nm, sample – glass/FTO/TiO2/Sb2S3/HTM. 

In summary, novel fluorene-based HTMs with varying number of thiophene end units 
(V808, V1385, and V1386) were introduced for the first time in semi-transparent Sb2S3 
solar cells. The fabricated devices exhibited PCE between 4.5% and 4.9%, and an AVT of 
30% to 33% in the wavelength range of 400 to 800 nm. In contrast, solar cells utilizing 
conventional P3HT as the HTM achieved a PCE of 4.7%, with lower transparency 
(AVT – 26%), which is attributed to inherent parasitic absorption losses. The band diagram 
reveals favorable band offsets for the new HTMs, confirming their suitability as HTMs in 
Sb2S3 solar cells for semi-transparent applications.  

3.5 Solar cells with fluorene-based HTMs with dimers linked with 
thiophene units (V1422, V1423, V1454, V1455) 

The third group of HTMs explored in antimony sulfide-based solar cells are dimers linked 
with thiophene units. The synthesis route of the HTMs along with their characterization 
and properties are published in article IV and summarized in Table S1 in Appendix 2. 
The solar cell results are presented in article IV. The chemical structure of these HTMs – 
9,9’-[(2,2’-Bithiophene)-5,5’-diylbis(methanylylidene)]bis[N2 ,N2 ,N7 ,N7 -tetrakis(4-
methoxyphenyl)- 9H-fluorene-2,7-diamine] (V1422), 9,9’-[(2,2’:5’,2’’-Terthiophene)-5,5’-
diylbis(methanylylidene)]bis[N2 ,N2 ,N7 ,N7 -tetrakis(4- methoxyphenyl)-9H-fluorene-2,7-
diamine] (V1423), 4,4’,4’’,4’’’-(([2,2’-bithiophene]-5,5’-diylbis(methanylylidene))bis(9H-
fluorene-2,7-diyl-9- ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1454) and 
4,4’,4’’,4’’’-(([2,2’:5’,2’’-terthiophene]-5,5’’-diylbis(methanylylidene))bis(9H-fluorene-2,7-
diyl-9-ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1455) are presented in 
Fig. 3.13. The chemical structure has 4,40-dimethoxydiphenylamine-substituted 
fluorene fragments, commonly utilized in organic HTMs such as Spiro-OMeTAD [143]. 
The dimer structure is inspired from Spiro-OMeTAD and incorporates thiophene units as 
found in P3HT. The investigated HTMs, feature diphenylamine (V1422 and V1423) or 
triphenylamine (V1454 and V1455) side fragments, with all sharing a central core 
containing varying numbers of thiophene moieties. 
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Figure 3.13. Chemical structures of fluorene-based compounds with dimers linked with thiophene 
units - V1422, V1423, V1454 and V1455. 

The J-V characteristics of the champion devices using dimer-type HTMs are depicted 
in Fig. 3.14a, with the resulting output parameters shown in Table 3.4. Solar cells were 
fabricated using 2 mM precursor solution concentrations of the HTMs V1422, V1423, 
V1454, and V1455, as previously optimized for the Sb2S3 solar cell stack (see section 3.2). 
These concentrations had been previously optimized for the Sb2S3 solar cell stack 
(see section 3.2). The reference device without any HTM, yielded a VOC of 478 mV, JSC of 
8.7 mA/cm², FF of 46 %, and a PCE of 1.9%.  

Figure 3.14. (a) J-V characteristics of champion cells without HTM and with HTMs (V1422, V1423, 
V1454, V1455 and P3HT) and (b) EQE curves with calculated integrated JSC values of Sb2S3 solar cells 
with different HTMs. 

Table 3.4. Key performance metrics of champion Sb2S3 solar cells without any HTM and with HTMs 
(V1422, V1423, V1454 V1455 and P3HT). 

HTM HTM 
conc.  

VOC 
[mV] 

JSC 
[mA/cm²] 

FF 
[%] 

PCE 
[%] 

RS 
[Ω·cm2] 

RSH 
[Ω·cm2] 

no HTM - 478 8.7 46 1.9 1.1 514 

V1422 2 mM 656 9.7 43 3.9 1.7 436 

V1423 2 mM 673 12.1 56 4.5 1.3 1005 

V1454 2 mM 439 5.7 35 0.8 2.7 192 

V1455 2 mM 437 6.1 33 0.7 4.9 198 

P3HT 1 wt. % 689 12.2 55 4.7 1.8 526 



52 

Figure 3.15. Box plots of Sb2S3 solar cells with P3HT, V1422, V1423, V1454 and V1455 as HTMs: 
a) VOC, b) JSC, c) FF and d) PCE.

The introduction of HTM V1423 significantly improved the VOC from 478 to 673 mV,
JSC from 8.7 to 12.1 mA/cm², FF from 46% to 56%, and PCE from 1.9% to 4.5%, compared 
to a device without an HTM. Devices with V1422 and V1423, containing diphenylamine 
side units show significant improvement in output parameters (Fig. 3.14.a and Fig. 3.15) 
than devices with HTMs V1454 and V1455, which have triphenylamine side fragments, 
that showed no improvement in VOC, JSC, FF and PCE compared to the device without an 
HTM. Thus, only the use of HTMs V1422 and V1423 significantly reduced carrier 
recombination at the back interface, enhancing carrier collection.  

The EQE curves for champion devices with and without HTM layers, as well as those 
with various HTMs, are shown in Fig. 3.14b. A dip in the spectral response of the P3HT 
device is observed, due to its characteristic parasitic absorption losses (I, II, III). EQE 
concavity is less pronounced with the new HTMs, which have a comparable bandgap 
(1.9 eV) but are much thinner (20–25 nm) than P3HT (80–100 nm). The calculated 
integrated JSC based on EQE spectra (Fig. 3.14b), closely correspond to the values 
obtained from the J-V curves (see Table 3.4). A statistical representation in form of box 
plots of cell parameters, both without any HTM and with investigated HTMs (see Fig. 
3.15), underscore the high reproducibility of the results. 

To evaluate the energy level alignment between the synthesized HTMs, Sb2S3, and the 
metal back contact, PYS was used to measure the Ip. The HOMO levels of V1422, V1423, 
V1454, and V1455 were determined to be at –4.94, –4.94, –5.05, and –5.08 eV relative 
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to the vacuum level, respectively. The Eg values, as determined from Tauc plots were 
found to be 1.87, 1.90, 1.88, and 1.89 eV for V1422, V1423, V1454, and V1455, 
respectively. The constructed energy band diagram, as depicted in Fig. 3.16, illustrates 
agreeable band offsets conducive to the transport of photogenerated carriers from the 
absorber to the metal back contact. A larger barrier (> 0.3 eV) between the CBE of Sb2S3 
(–3.4 eV) and the LUMO levels of the new HTMs (–3.0 to –3.2 eV) further ensures 
effective electron blocking at the back interface. 

Figure 3.16. (a) Band energy diagram of Sb2S3 cell with different HTMs. 

Band energy diagram of Sb2S3 solar cell with different HTMs (V1422, V1423, V1454, 
V1455 and P3HT) is presented in Fig. 3.16, based on IP and Eg values measured by PYS 
and optical spectroscopy techniques, respectively. The HOMO levels of V1422, V1423, 
V1454, and V1455 were determined to be at –4.94, –4.94, –5.05, and –5.08 eV relative 
to the vacuum level, respectively. The Eg values, as determined from Tauc plots were 
found to be 1.87, 1.90, 1.88, and 1.89 eV for V1422, V1423, V1454, and V1455, 
respectively. The energy band diagram, as depicted in Fig. 3.16, illustrates agreeable 
band offsets conducive to the transport of photogenerated holes from the absorber to 
the metal back contact. A barrier between the CBE of Sb2S3 (–3.4 eV) and the LUMO levels 
of the V1422 and V1423 (–3.0 eV) is larger than 0.3 eV, ensuring effective electron 
blocking at the back interface. In case of V1454 and V1455, this condition is not fulfilled. 

Fig. 3.17a presents the total transmittance spectra of HTM layers on glass substrates. 
In case of P3HT, a dip can be seen in the total transmittance spectrum (Fig. 3.17a), 
in region 400–700 nm. Nevertheless, all HTMs used here exhibit similar bandgap value 
of 1.8–1.9 eV, this cavity is much lower for V1422, V1423, V1454, V1455 as the thickness 
of these layers is ca. 20–25 nm, while P3HT layer is ca. 100 nm thick. This is also the main 
reason why solar cells with fluorene-based HTMs show a higher AVT (24–26%) than 
P3HT-based devices (21%) (Fig. 3.17b).  
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Figure 3.17. (a) Transmittance spectra of HTM layers deposited on glass substrate and (b) Calculated 
average visible transmittance (AVT) values for solar cell devices without Au contact, in the  
400–800 nm range.  

The inclusion of thiophene into the molecular structure is anticipated to facilitate 
interactions of S - Sb atoms at the absorber/HTM interface, potentially leading to an 
improvement in the interfacial properties as demonstrated in studies by many groups 
[23,141,142]. Our results show that the use of dimers, especially of V1454 and V1455 
does not lead to similar results as obtained with HTMs containing thiophene end units 
(V808, V1385 and V1386). A question arises about chemical interaction at Sb2S3/HTM 
interface and X-ray photoelectron spectroscopy (XPS) studies were conducted to 
elucidate the problem. 

Fluorene-based HTMs on glass substrates as well as within Sb2S3 solar cell stacks were 
analyzed. The XPS spectra for the Sb 3d and S 2p regions of Sb2S3/HTM samples (V1422, 
V1423, V1454, V1455) with different etching times are presented in Fig. S6 and S7, in the 
SI of article IV. For the Sb2S3 pristine sample (Fig. 3.18a), the Sb 3d core level peaks are 
observed at 539.7 eV (Sb 3d3/2) and 530.3 eV (Sb 3d5/2). With application of V1423, these 
peaks shifted to lower binding energy (BE) values of 539.2 eV and 529.9 eV, respectively. 
A similar shift is seen in case of V1454 (Fig. 3.18b), indicating an increase in electron 
density around Sb atoms. Comparable shifts in the Sb 3d core level peak was observed 
when applying dithieno[3,2-b:20,30-d]pyrrole-cored (DTPThMe-ThTPA) [122] and 
thiophene-modified quinoxaline-core small molecules [23] to Sb2(S,Se)3 films. 
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Figure 3.18. XPS core-level spectra: (a) Sb 3d for Sb2S3 and Sb2S3/V1423, (b) Sb 3d for Sb2S3 and 
Sb2S3/V1454, (c) S 2p for Sb2S3, V1423, and Sb2S3/V1423 and (d) S 2p for Sb2S3, V1454, and 
Sb2S3/V1454. 

The S 2p core level spectra for Sb2S3 films, HTMs – V1423, V1454, and Sb2S3/HTM 
samples are shown in Fig. 3.18c and d, respectively. For Sb2S3 and Sb2S3/V1423 samples, 
the S 2p3/2 peaks are located at 162.0 eV and 161.5 eV, respectively. A similar shift to 
lower BE is observed with V1454 on Sb2S3. For V1454 on a glass substrate, the S 2p3/2 

peak is at 162.4 eV. This peak shifts to 164.2 eV when deposited on Sb2S3. As seen in 
previous studies by other research groups, thiophene-modified quinoxaline-core 
molecules exhibit similar shifts in the S 2p peak to a lower binding energy [23]. The shifts 
in the Sb 3d and S 2p peaks of Sb2S3, and in the S 2p peaks of the HTMs, suggest 
interactions between sulfur in electron rich thiophene units and antimony in absorber 
Sb2S3. These interactions are expected to improve interfacial carrier extraction, and may 
enhance VOC and overall solar cell performance by passivating interfacial states.  

According to XPS results the interaction at Sb2S3/HTM interface is independent of the 
number of phenylamine side fragments or number of thiophene moieties in central core 
of HTM molecule. Thus, there are other possible reasons for poor performance of devices 
using V1454 and V1455 as HTMs. Some possibilities to explain this phenomenon such as 
dipole effect at absorber/HTM interface and positioning of LUMO level on the thiophene 
groups are proposed in article IV. 

In summary, four dopant-free fluorene-based HTMs with dimers linked with 
thiophene units (V1422, V1423, V1454, V1455) were applied in Sb2S3 solar cells. These 
organic semiconductors have an Eg of ca. 1.9 eV and HOMO levels at 4.9–5.1 eV. Energy 
level diagrams demonstrated agreeable band offsets for transport of holes to the metal 
back contact. The application of the new HTM layer shifted the Sb 3d core level peak to 
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lower binding energies, indicating increased electron density around Sb atoms and 
supporting thiophene-Sb interactions. HTMs with diphenylamine units (V1422, V1423) 
improved device performance, with V1423 showing notable gains: VOC increased from 
478 mV to 673 mV, FF from 46% to 56%, and PCE from 1.9% to 4.5%. In contrast, V1454 
and V1455, containing triphenylamine units, did not enhance performance. VOC remained 
at 430 mV, FF dropped to 30–35%, and PCE was below 1%. The poor performance of 
V1454 and V1455 suggests presence of additional factors. Quantum chemical simulations 
indicate that for better charge separation and selectivity, the HTM’s HOMO level should 
be associated with thiophene groups. Dimer-based HTMs are not recommended for use 
in semi-transparent Sb2S3 solar cells due to their similar bandgap values to P3HT and only 
slightly higher AVT values, which are attributed to their lower layer thicknesses 
compared to P3HT. 
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Conclusion 

In this thesis, we developed semi-transparent Sb2S3-based solar cells with employment 
of new fluorene-based HTMs and provided understanding on the impact of these HTMs 
on efficacy of the charge transport in the solar cell device. The technological methodology 
for the preparation of novel HTM layers on Sb2S3 absorber layer via spin coating was 
successfully developed. We have successfully demonstrated, that the utilization of 
organic, cost-effective and wide bandgap fluorene-based enamines can boost both, the 
PCE as well as the AVT of Sb2S3 based devices, compared to conventional P3HT-based 
solar cells. 

The main highlights from the thesis can be summarized as follows: 

1. A method for preparing layers of novel HTMs on USP deposited Sb2S3 absorber
layer via spin coating technique was developed via systematic altering the HTM
concentration in the precursor solution. Appropriate concentrations were
determined for all three groups of studied HTMs to obtain layer thicknesses of
20–25 nm, that were found to be optimal for the highest performance of USP
Sb2S3 absorber solar cell.

2. Novel fluorene-based HTMs reveal HOMO level at around –5.0 eV (from –4.8 eV
to –5.1 eV) and USP Sb2S3 absorber VBE at –5.1 eV as determined by
photoelectron yield spectroscopy. According to the solar cell band diagram,
the transfer of photogenerated holes from the absorber to the HTM is feasible
in case of all fluorene-based molecules used. The band offset between CBE of
the Sb2S3 absorber (–3.4 eV) and LUMO levels in fluorene-based HTM molecules
with aliphatic chains (ca. –2.1 eV) and molecules with thiophene end units
(from –2.1 to –2.7 eV depending on number of thiophene units in the structure)
is big enough to block the transfer of electrons at the back interface.

3. Compared to devices without any HTM, application of fluorene-based compounds
as HTMs led to a significant gain in device performance. An improvement in PCE
can be attributed to the HTM preventing direct contact between the Au electrode
and the absorber layer with reduction of recombination losses at the back
contact and enhancement of charge extraction. The results reveal the crucial
role of HTMs in solar cell stack, especially when very thin absorber layer
(<100 nm) is used.

4. The devices utilizing fluorene-based molecules with aliphatic chains (V1275,
V1235, V1236, V1461, Eg of ca. 3.0 eV) as HTM with optimized layer thicknesses
of ca. 20 nm achieved PCE values of 3.9%, 4.3%, 3.9%, and 3.7% for V1275,
V1235, V1236, and V1461, respectively. The obtained PCE values are
comparable to or higher than 3.8% recorded for the P3HT based device. AVT
values (without the metal electrode) of solar cell devices reached up to 27% in
the 400–800 nm spectral range, representing a 20% increase in transparency
over P3HT-based counterparts (AVT 22%), verifying their applicability in semi-
transparent Sb2S3 solar cells.

5. The employment of fluorene-based molecules with thiophene end units (V808,
V1385, V1386) as HTMs in Sb2S3 solar cell yielded device PCE of 4.5–4.9 % and
AVT of 30–33% (without the metal back contact) in the 400–800 nm range.
In comparison, solar cell devices utilizing conventional P3HT as HTM have
yielded PCE of 4.7% and exhibited lower transparency (AVT 26%) due to
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parasitic absorption losses in P3HT. An increase in the number of thiophene 
units from one to three in a molecule led to a decrease in the bandgap from 
2.8 eV to 2.3 eV, which reflected in slightly reduced AVT value. For instance, 
devices using HTM V1386, with an Eg of 2.3 eV, exhibited AVT of 28%, whereas 
devices with HTM V808, which has a larger Eg of 2.8 eV, achieved an AVT of 33%, 
validating their adaptability for semi-transparent solar cells. 

6. Fluorene-based dimers linked with thiophene units (V1422, V1423, V1454,
V1455) as HTMs in solar cell resulted in mixed performance outcomes.
Application of HTMs – V1422 and V1423, comprising of diphenylamine units in
their structure, significantly improved device metrics. The highest boost in
device performance compared to the device without any HTM was observed for
V1423, which raised VOC from 478 mV to 673 mV, FF from 46% to 56%, and PCE
from 1.9% to 4.5%. However, devices with V1454 and V1455, containing
triphenylamine units, showed poor performance (PCE < 1%), confirming our
hypothesis that molecular structure strongly influences HTM functionality.
As Eg values of novel dimer molecules and P3HT are similar, in the order of
1.8–1.9 eV, solar cell devices with dimer molecules as HTMs showed only slightly
higher AVT values compared to P3HT counterpart, due to HTM layer lower
thicknesses and thus cannot be recommended as an HTM for semi-transparent
devices.

7. By XPS studies it has been proved that an interaction between the S atoms from
thiophene units and Sb atoms from the absorber occurs at the Sb2S3/HTM
interface when thiophene group containing HTMs on top of the Sb2S3 absorber
are applied. Namely, the application of a thiophene group containing HTM on
Sb2S3 absorber layer causes a shift in the Sb 3d core level peak to lower binding
energies indicative of the increased electron density surrounding the Sb atoms.
Such a shift confirms the interaction between S atoms from thiophene units and
Sb atoms from the absorber, which can favor the transfer of charge carriers.
Overall, the research confirms that fluorene-based compounds, particularly
those with thiophene end units (V808, V1385 and V1386), are promising
candidates for hole-selective contacts in Sb2S3 solar cells. Future work should
focus on refining HTM/Sb2S3 interfaces to improve the VOC and further improve
device efficiency. This study provides a foundation for the development of
high-performance, semi-transparent Sb2S3 solar cells and opens new avenues
for advancing Sb-chalcogenide photovoltaic materials and device architectures.

Challenges and opportunities: outlook and practical applications 
The future outlook of Sb2S3-based solar cells for semi-transparent applications is 
promising, as these materials exhibit several advantages that make them suitable for this 
application. Sb2S3-based solar cells have a suitable bandgap of 1.7 eV [144], which is 
essential for semi-transparent applications as they can absorb a significant portion of the 
solar spectrum while remaining relatively transparent to visible light [55]. Additionally, 
the integration of Sb2S3-based solar cells into tandem solar cells is being explored, as they 
can serve as the top sub-cell in such systems [144]. Recent advances in Sb2S3-based solar 
cells include the development of efficient devices with a PCE of 8.0% using CBD 
techniques [9]. This has been achieved after intensive R&D efforts of many research 
groups. Compared to CBD technique, there are less R&D efforts on development of Sb2S3 
solar cells by USP. However, the learning curve shows promising results with a milestone 
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of semi-transparent device yielding PCE of 5.5% [18]. Exploring transparent metal 
contacts, such as graphene, ultra-thin metal films (Au, Ag), and metallic nanowires (Au, 
Ag), could significantly advance the performance of transparent Sb₂S₃ solar cells. 
However, several challenges remain in order to fully realize the potential of Sb2S3-based 
solar cells for semi-transparent applications. Key areas of improvement include 
enhancing the stability and durability of the materials, as well as optimizing the device 
architecture and surface passivation techniques to minimize recombination losses and 
enhance charge transport properties. In conclusion, the future outlook of Sb2S3-based 
solar cells for semi-transparent applications is promising, with ongoing research focusing 
on improving their efficiency and stability. The intrinsic properties of the materials 
together with the flexibility of the device design allows for its integration into a wide 
range of applications like BIPV, indoor PV and other customized applications.   
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Abstract 

Development of semi-transparent Sb2S3 solar cells with 
fluorene-based compounds as hole transport materials 

Photovoltaics (PV) converts sunlight to electricity and is becoming one of the cheapest 
technologies to produce carbon-free electricity. An emerging generation of PV absorber 
materials, that are characterized by stability and easy of manufacturing are under 
investigation in the PV community. These materials, which are both economically and 
environmentally sustainable, have the potential to significantly enhance the capacity and 
scalability of sustainable PV solutions and can lead to enhanced social acceptance of the 
integrated PV solutions. Among these PV materials, antimony chalcogenides are rapidly 
gaining recognition as viable alternative light-absorbing materials. Sb2S3 is a promising 
absorber material for employment in semi-transparent solar cells due to its 
optoelectronic properties, with an absorption coefficient of 1.8 x 105 cm–1 at 450 nm and 
a direct bandgap of ca. 1.7 eV. The constituent elements are non-toxic, earth abundant, 
and cost-effective. Recently, in the year 2022, Sb2S3 based solar have reported 
photoconversion efficiency (PCE) of 8.0%. 

Sb2S3 based solar cells utilize the configuration – glass/TCO/ETL/Sb2S3/HTM/metal, 
wherein the Transparent Conducting Oxide (TCO) is the front contact and the metal 
layers is the back contact while the Electron Transport Layer (ETL) and layer of Hole 
Transport material (HTM) are transporting the charge carriers. TiO2 and CdS are the most 
widely used ETL materials, while the most popular HTMs are P3HT (poly(3-
hexylthiophene) and Spiro-OMeTAD (2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobi-fluorene). HTMs are essential components in solar cells as they facilitate 
effective extraction and transport of photogenerated holes in the absorber layer to the 
metal contacts. Additionally, they prevent metal diffusion and their direct contact with 
the absorber, thereby reducing recombination losses at the absorber/HTM/back contact 
interface. Conventional HTMs have their own set of drawbacks such as high cost and 
complex synthesis processes, hindering their scalability for commercial applications. 
P3HT is constrained by its parasitic absorption in the visible spectrum, resulting in 
reduced overall transmittance of the solar cell device and necessitates post-deposition 
activation at approximately 170 °C, in vacuum or inert atmosphere. Spiro-OMeTAD 
requires doping that can cause stability issues. Together, these factors limit the 
manufacture of large area Sb2S3-based solar cells for semi-transparent applications.  

The aim of this thesis is to develop semi-transparent Sb2S3 solar cells with the 
employment of new fluorene-based HTMs and provide understanding on the impact 
of HTMs on the efficacy of the charge transport in the solar cell device. These 
fluorene-based compounds, synthesized by Prof. Vytautas Getautis’ group in Kaunas 
University of Technology, are being applied for the first time in Sb2S3 solar cells. These 
HTM compounds are produced in a straightforward condensation reaction from 
commercially available materials and relatively cheap reagents. 

The research emphasizes the systematic characterization, implementation, and 
validation of novel HTM thin films as alternative charge selective layers in Sb2S3 thin film 
solar cells with a focus on understanding their influence on the overall performance of 
the devices. Three distinct groups of fluorene-based enamines as dopant-free HTMs 
were employed: 1) fluorene-based molecules with aliphatic chains (V1275, V1235, 
V1236, V1461); 2) fluorene-based compounds with thiophene end units (V808, V1385, 
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V1386); and 3) fluorene-based dimers linked with thiophene units (V1422, V1423, V1454, 
V1455).  

Sb2S3 solar cells were fabricated in superstrate configuration with a structure 
glass/FTO/TiO2/Sb2S3/HTM/Au wherein TiO2 and Sb2S3 layer were deposited on 
glass/FTO substrate using ultrasonic spray pyrolysis (USP). All the fluorene-based HTMs 
and conventionally used P3HT were deposited using spin coating. For the material 
characterization, techniques like X-ray diffraction (XRD), Raman spectroscopy, Scanning 
Electron Microscopy (SEM) and ultraviolet-visible spectroscopy (UV-ViS) were used. 
The characterization of solar cell devices was performed using current-voltage (J-V) and 
external quantum efficiency (EQE) measurements. To understand the energy levels 
alignment in solar cell device, Ionization potential (IP) of all the functional layers (FTO, 
TiO2, Sb2S3, HTM) in the solar cell structure was measured using Photoelectron yield 
spectroscopy (PYS). X-ray photoelectron spectroscopy (XPS) studies were performed to 
study the Sb2S3/HTM interface.  

A methodology for the preparation of HTMs layers on USP deposited Sb2S3 absorber 
layer was successfully developed via spin coating technique. Optimal concentrations 
were identified for each HTM group, by systematically varying the HTM precursor 
concentration, resulting in thicknesses of 20–25 nm being optimal for the highest 
performance of USP-Sb2S3 absorber solar cells. The fabricated devices with the optimized 
concentration of fluorene-based HTMs were then compared with solar cell devices 
without any HTM and with reference P3HT-based device. 

Novel fluorene-based HTMs reveal Highest Occupied Molecular Orbital (HOMO) level 
at around –5.0 eV (from –4.8 eV to –5.1 eV) and USP Sb2S3 absorber Valence Band Edge 
(VBE) at –5.1 eV as determined by PYS. According to the solar cell band diagram, the 
transfer of photogenerated holes from the absorber to the HTM is feasible in case of all 
fluorene-based molecules used. The band offset between Conduction Band Edge (CBE) 
of the Sb2S3 absorber (–3.4 eV) and Lowest Unoccupied Molecular Orbital (LUMO) levels 
in fluorene-based HTM molecules with aliphatic chains (ca. –2.1 eV) and molecules with 
thiophene end units (from –2.1 to –2.7 eV depending on number of thiophene units in 
the structure), is big enough to block the transfer of electrons at the back-contact 
interface.       

Compared to devices without any HTM, application of fluorene-based HTMs led 
to a significant gain in device performance. Solar cell devices incorporated with 
fluorene-based molecules with aliphatic chains and thiophene end units yielded PCE of 
up to 4.3 and 4.9%, respectively, which were comparable with cells employing reference 
HTM – P3HT (3.8 and 4.7%). EQE measurements of the devices with P3HT (Eg – 1.8 eV) 
showed parasitic absorption losses in visible range), that are not present in the case of 
the fluorene-based HTMs with aliphatic chains (V1275, V1235, V1236, V1461, 
Eg – ca. 3 eV), and with thiophene end units (V808, V1385, V1386, Eg from 2.3 to 2.8 eV), 
due to their larger band gap values. Total transmittance spectra were recorded and 
average visible transmittance (AVT) values in the range of 400 - 800 nm were calculated 
for all fabricated solar cells without metal contacts. Solar cell devices with HTMs with 
aliphatic chains and thiophene end units showed an enhanced AVT of up to 33%, 
resulting in an overall gain of around 20% in device transparency compared to that 
obtained with P3HT. Solar cells with dimer-based HTMs with Eg values of ca. 1.8 eV 
showed only slightly higher AVT values compared to P3HT counterpart device due to 
thinner HTM layer applied. XPS studies revealed that the Sb 3d and S 2p peaks of Sb2S3 
shift toward lower binding energies, on application of fluorene-based dimers linked with 
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thiophene units as HTMs, indicating strong interactions between S atoms in thiophene 
units and Sb atoms in the absorber.  

Overall, it was observed that both the thickness of the HTM layer and the structure of 
the HTM molecule has a direct impact on the device performance. In summary, the study 
confirms that fluorene-based compounds, particularly those with aliphatic chains 
(V1275, V1235, V1236 and V1461) and with thiophene end units (V808, V1385 and 
V1386), are promising candidates for hole-selective contacts in semi-transparent Sb2S3 
solar cells. The study provides new insights, laying a strong foundation for developing 
high-performance, semi-transparent Sb2S3 solar cells in the future. 
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Lühikokkuvõte 

Poolläbipaistvate Sb2S3 päikesepatareide arendus: 
fluoreenipõhised ühendid aukude transportkihi materjalina 

Päikeseenergeetika (PV) on üks odavamaid ja puhtamaid elektrienergia tootmise 
tehnoloogiaid. PV tulevikutehnoloogiad on seotud absorbermaterjalide ja seadistega 
mida iseloomustab stabiilsus, valmistamise tehnoloogia lihtsus ning skaleeritavus 
tootmisesse. Uudsed PV materjalid ja tehnoloogiad, mis on säästlikud nii tootmise kui 
keskkonna seisukohast, võivad oluliselt suurendada päikeseenergeetika lahenduste 
suutlikkust ja mastaapsust ning viia integreeritud PV lahenduste laialdasemale 
rakendamisele. Uudsete PV materjalide perekonnas on antimoni kalkogeniidid tõestanud 
ennast võimekate valgust neelavate materjalidena. Sb2S3 on perspektiivikas 
absorbermaterjal kasutamiseks poolläbipaistvates päikeseelementides tänu sellistele 
optoelektroonsetele omadustele nagu valguse neeldumistegur 1.8 x 105 cm–1 450 nm 
juures ja otseste üleminekutega keelutsoon laiusega 1,7 eV.  Ühend ja tema koostisosad 
on madala toksilisusega, piisava kättesaadavusega ja suhteliselt odavad. Üsnagi lühikese 
arendusperioodi jooksul on Sb2S3 päikeseelementide efektiivsus tõusnud 8%‐ni. 

Sb2S3 päikeseelementide klassikaline struktuur on järgmine: 
klaas/TCO/ETL/Sb2S3/HTM/metall, kus TCO on optiliselt läbipaistev elektrit juhtiv 
metallioksiidi kiht kui esikontakt ja metalli kiht kui tagakontakt. ETL (elektronide 
transportkiht) ja HTM (aukude transportkiht) kihtide ülesanne on laengukandjate, 
vastavalt elektronide ja aukude transport välistele elektroodidele. ETL materjalidena 
kasutakse peamiselt CdS või TiO2 õhukest kihti, HTM kihi materjalina on põhiliselt 
kasutusel kas P3HT (poly(3‐hexylthiophene) või Spiro‐OMeTAD (2,2',7,7'‐tetrakis[N,N‐
di(4‐methoxyphenyl)amino]‐9,9'‐spirobi‐fluorene). HTM kiht on oluline päikeseelemendi 
koostisosa, mille ülesandeks on hõlbustada fotogenereeritud aukude ekstraktsiooni 
absorberkihist välisele metall‐elektroodile, takistada metalli difusiooni ja vähendada 
rekombinatsioonilisi kadusid absorber/metall piirpinnal. Traditsiooniliselt kasutatavate 
HTM‐de põhilised puudused on nende kõrge hind tingituna sünteesi keerukusest. P3HT 
keelutsooni väärtus ca. 1,8 eV põhjustab parasiitse valguse neeldumise spektri nähtavas 
osas, mis põhjustab voolu kadu ja ei võimalda valmistada optiliselt hea läbipaistvusega 
elemente. Spiro‐OmeTAD on laia keelutsooniga (ca 3,0 eV), mis ei põhjusta optilisi 
kadusid, kuid vajaliku elektrijuhtivuse saavutamiseks tuleb materjali legeerida, mis 
muudab materjali ebastabiilseks. Loetletud asjaolud piiravad poolläbipaistvate Sb2S3 
päikeseelementide arendamist ja osutavad uudsete HTM materjalide väljatöötamise ja 
rakendamise vajalikkusele.  

Antud doktoritöö eesmärk oli poolläbipaistvate päikeseelementide arendus kasutades 
HTM kihis uusi fluoreeni‐põhiseid materjale ja sätestada arusaam uudsete materjalide 
mõjust laengukandjate transpordi tõhususele ja seadiste väljundparameetritele. Uudsed 
fluoreenipõhised orgaanilised ühendid sünteesiti prof. Vytautas Getautis uurimisgrupi 
poolt Kaunase Tehnoloogiaülikoolis kasutades selleks lihtsat sünteesi metoodikat ja 
odavaid reagente. 

Uurimistöös keskenduti uudsete HTM materjalide karakteriseerimisele, kasutamisele 
päikeseelemendi struktuuris ja nende sobivuse valideerimisele aukude transportkihina 
poolläbipaistvates rakendustes. HTM materjalina kasutati kolme erinevat tüüpi fluoreeni‐
põhiseid molekule: 1) alifaatset rühma sisaldavad fluoreenipõhised ühendid (V1275, 
V1235, V1236, V1461; 2) tiofeeni rühma sisaldavad fluoreenipõhised ühendid (V808, 
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V1385, V1386); 3) fluoreenipõhised dimeerid, lingitud läbi tiofeenrühma (V1422, V1423, 
V1454, V1455).  

Päikeseelemendid valmistati superstraat konfiguratsioonis klass/FTO/TiO2/Sb2S3/HTM/Au, 
kus TiO2 ja Sb2S3 kihid sadestati klaas/FTO alusele ultraheli pihustuse (USP) meetodil. 
Kõik HTM kihid valmistati pindvurritamise meetodil. Materjalide iseloomustamiseks 
kasutati röntgendifraktsioon analüüsi (XRD), Raman spektroskoopia, skaneeriva 
elektronmikroskoopia (SEM) ja optilise spektroskoopia/(UV‐vis) meetodeid. 
Päikeseelementide karakteriseerimiseks rakendati J‐V karakteristikute ning välise 
kvantefektiivsuse (EQE) mõõtmisi. Seadise energeetilise tsooni diagrammi koostamiseks 
mõõdeti kõigi funktsionaalsete komponentide ionisatsiooni potentsiaal (Ip) fotoelektronide 
saagise spektroskoopia (PYS) meetodil. Röntgenkiire fotoelektronspektroskoopia (XPS) 
meetodit kasutati Sb2S3/HTM piirpinna uurimiseks. 

Töötati välja metoodika HTM kihtide sadestamiseks pindvurritamise meetodil Sb2S3 
absorberkiledele. Määrati HTM lahuse optimaalsed kontsentratsioonid iga HTM tüübi 
jaoks läbi HTM lähtelahuse kontsentratsiooni muutmise. Leiti, et HTM kihi paksus 
vahemikus 20–25 nm on optimaalne saavutamaks seadise kõrgeimat efektiivsust. Teostati 
võrdlus päikeseelementidele, kus HTM‐na kasutati fluoreenipõhiseid ühendeid, 
traditsioonilist P3HT või HTM‐i ei kasutatud.  

Energeetiliste parameetrite mõõtmine näitas, et HOMO nivoo kõigis uuritud uutes 
HTM‐des on ca. –5,0 eV allpool vaakumnivood, ja Sb2S3 valentstsooni lagi (VBE) asetseb 
–5,1 eV juures. Seega fotogenereeritud aukude liikumine absorberkihist HTM‐i on
võimalik kõigi uute HTM kasutamisel. Kuna Sb2S3 juhtivustsooni põhi (CBE) asub –3,4 eV
juures vaakuumi suhtes ja alifaatseid rühmi sisaldavates HTM molekulides on LUMO
nivood –2,1 eV juures ning tiofeeni rühmi sisaldavates molekulides asub LUMO –2,1 kuni
–2,7 eV juures sõltuvalt tiofeeni rühmade arvust molekulis, siis energeetiline barjäär
Sb2S3/HTM piirpinnal on piisav, et blokeerida elektronide liikumist absorberist HTM kihti.

Uurimistöö näitas, et fluoreenipõhiste HTM‐de lisamine päikeseelemendi struktuuri 
suurendas oluliselt seadiste efektiivsust võrreldes sellega, kus HTM‐i kihti ei kasutatud. 
Alifaatset ahelat ja tiofeenrühma sisaldavate fluoreenipõhiste HTM kihtide kasutamisel 
saavutati kasutegurid vastavalt 4,3% ja 4,9%, mis on kõrgemad kui P3HT‐ga 
võrdlusobjektidel (vastavalt 3,8 ja 4,7%). EQE mõõtmised kinnitasid parasiitse 
absorptsiooni puudumist kui HTM‐dena kasutati alifaatset ahelat sisaldavaid aineid 
(V1275, V1235, V1236, V1461, Eg ca. 3 eV) või tiofeeni rühma sisaldavaid kihte (V808, 
V1385, V1386, Eg vahemikus 2,3 kuni 2,8 eV), Mõõdeti päikeseelemendi (ilma Au 
elektroodita) keskmist optilist läbipaistvust (AVT) spektri nähtavas osas lainepikkuste 
vahemikus 400–800 nm. Alifaatset ahelat ja tiofeenrühma sisaldavate fluoreenipõhiste 
HTM kihtide puhul mõõdeti AVT väärtuseks kuni 33%, mis on ca. 20% kõrgem kui P3HT 
kasutamisel HTM‐na. Dimeersed HTM‐d, mille Eg on ca 1,8 eV, ei ole sobiv valik 
poolläbipaistvate seadiste valmistamiseks, kuigi tänu HTM kihi tunduvalt väiksemale 
paksusele (ca. 25 nm) võrreldes P3HT‐ga  (100 nm) mõõdeti AVT väärtuseks kuni 25%. 

XPS mõõtmised näitasid, et tiofeeni rühma sisaldava HTM‐i kihi sadestamisel Sb2S3 
absorberi kihi pinnale toimub interaktsioon tiofeeni rühma kuuluva S aatomi ja absorberi 
molekuli kuuluva Sb aatomi vahel, mis võib kaasa aidata laengute ülekandmisele 
Sb‐kalkogeniid absorberist HTM‐i.  

Kokkuvõttes, HTM molekuli struktuur ja HTM kihi paksus omavad olulist mõju 
päikeseelemendi efektiivsusele. Antud uurimistöös tõestati, et fluoreenipõhised ühendid, 
mille struktuuris on alifaatsed ahelad (V1275, V1235, V1236 and V1461) või tiofeenrühm 
(V808, V1385 and V1386) on perspektiivsed aukude transportkihi materjalid 
poolläbipaistvate Sb2S3 päikeseelementide valmistamiseks.
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Appendix 1 

Publication I 

Nimish Juneja, Sreekanth Mandati, Atanas Katerski, Nicolae Spalatu, Šarūnė 
Daškevičiūtė-Gegužienė, Aivars Vembris, Smagul Karazhanov, Vytautas Getautis, Malle 
Krunks, and Ilona Oja Açik, “Sb2S3 solar cells with a cost-effective and dopant-free 
fluorene-based enamine as a hole transport material”, Sustainable Energy and Fuels 6, 
13, 3220–29, 2022, doi: 10.1039/d2se00356b. 





���������	
��������
�������
��������������	�����	�����������������������	�����	�����	��������� !"#$%&%'(##)%"*�+%",%*�& -%.*%"%�/%*#(�)�&%��012%#'3%2%*!& %'%(!"#4%�)#5�0�!*#67#8!9�#"#&:.�5%(�;#�:(��&0'�%8!2/%(%9�%"15&,;<*%!*%�7#*%!*��& :+%22#/(!")� %%",=21"%>$%.0�) %."*��1"<�!23��,#?':@'AB��%3(1����"80%",�,%*#C1(�#��6*(%"�3%(#"*%",*%",#��12%(0#22�1D�"8*1�*��!�*%:2#13*1#2#0*(1"�03(13#(*�#�EF1D#5#(&*�#%332�0%*�1"�1C':@'A�12%(0#22�%(#(%*�#(2���*#,:<*�#�(21D 31D#(01"5#(��1"#G0�#"0�#�?HIJ�B%",!�#1C#K3#"��5#�12#*(%"�31(*�%*#(�%2�?FL+�BEM!(*�#(�1(#&FL+�2�)#HAFL#K��:�*3%(%��*�0%:�1(3*�1"%",��",#(15#(%22*(%"�3%(#"0<1C*�#,#5�0#�EL10�(0!�5#"**�#�#3(1:2#��&;N@AO&%P!1(#"#6:%�#,#"%��"#��#K321(#,C1(*�#Q(�**��#C1(':@'A�12%(0#22�&D��0�����8"�Q0%"*2<0�#%3#(&*(%"�3%(#"*&%",,1#�"1*(#R!�(#��8�*#�3#(%*!(#%0*�5%*�1"2�)#HAFLE'12%(0#22�%(#C%:(�0%*#,�"*�#82%��SML>SL�>@S':@'ASFL+S.!01"Q8!(%*�1"D�#(#�"L�>@%",':@'A%(#,#31��*#,!��"8!2*(%�1"�0�3(%<3<(12<���%",FL+�%(#�3�"01%*#,EL�#01"0#"*(%*�1"1C;N@AO���<�*#�%*�0%22<5%(�#,%",�*���3%0*1"*�#':@'A,#5�0#3#(C1(�%"0#���"5#�*�8%*#,EL�#T'I1C*�#�12%(0#22�D�*�;N@AO��%:1!*NUV��8�#(D��0���%**(�:!*#,*1*�#:#**#(5%2#"0#:%",#,8#%2�8"�#"*01�3%(#,*1HAFLEL�#JWJ�#%�!(#�#"*���1D"13%(%��*�0%:�1(3*�1"D�*�;N@AOD��2#*�#13*�0%2�*!,�#���1D%2%(8#(:%",8%3C1(;N@AO?@EO#;B15#(HAFL?NEX#;B&�",�0%*�"8"#82�8�:2#21��1C*(%"�3%(#"0<EM!(*�#(�1(#&*�#15#(%22*(%"�3%(#"0<���"0(#%�#,:<@YV C1(;N@AO,#5�0#��"01�3%(��1"*1HAFL,#5�0#�D��2#<�#2,�"8:#**#(HIJ�&,#�1"�*(%*�"8*�##G0%0<1C"15#2;N@AO%�%"FL+C1(�#��6*(%"�3%(#"*':@'A�12%(0#22�EZ [\]̂_̀ab]c_\defghiejklmnkiopegqprmsptmrfphpsogeomrusihgrgeomnfpsvemfgwpngolfmxrisxgeohmfpsgmnrydhieoflphz{x|{}griepitflphirfusihgrgeorinmsmxrisxpsri~geofigfrr�upsgisiufipnpkfsiegkusiupsfgpr~gflmemxrisufgiekip�kgpefit����kh��mf���ehmeqmqgspkfxmeqomuit��y�p�y����gflmspnmfgwpnj~gqpxmeqomuz{x|{}kmexp�rpqpgflpsmrmemxrisxpshmfpsgmngergeonp��ekfgierinmskpnnrismrmngolflmswprfpsgefmeqphkpnnry�����sflpshispz{x|{}rinmskpnnrmspuifpefgmnkmeqgqmfprtisrphgvfsmerumspefmuungkmfgiermeqlmwpxppe�eqpsgefperpgewprfgomfgietismuungkmfgiegerinms~geqi~ry� �lpkierfgf�pefpnphpefrmspeievfi�gkzpmsflmx�eqmefmeqklpmupsz~lgklhm�prflp{x|{}fpkleiniojmnn
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KLMNO PQRSTUVWXYZ[\WS\]̂ _̀YabcdbeXYf]USWffXg̀[\h]ij̀kWUWa[SYaSWa[U][̀YaXYZlmden]X[\WopqrhcisŶ _]ÙXYaYZSWffXg̀[\YT[]aopq]ajg̀[\Y_[̀̂ t̀Wjlmden]ajueoprhSi]ajhjisUYXXvXWS[̀Ya]f̀̂ ]wWXYZbcdbeXYf]USWffXg̀[\Y_[̀̂ t̀Wjlmden]ajueop]XopqXrb[UTS[TUWxwf]XXyzp{yp̀{dybcdbeyopqy|Tr}~~����������������������������������������� ��������� ¡��¢��£¤�¥ ¡¦�§�£̈¥�©ª�£«��̈�¥����

¬®̄°±²°³́µ¶²µ·̧¹º»µ́® ¼°½µ·
¾¿ÀÁÂÃÄÄÀÅÅÂÃÆÇÈÄÉÀÊÂËÌÍ

ÉÈÅÎÀÏÂÐÁÂÑÒÂÓÌÁÀÂÔÑÔÔÊÂÕ
ÐÖÁÉÐ×ÏÀÏÂÐÁÂÔØÙØÔÑÔÚÂÛ

ÛÜÑÝÜÞÞÂÃßÊÂ
ÂàÎÈÅÂ×ÆÇÈÄÉÀÂÈÅÂÉÈÄÀÁÅÀÏÂÌÁ

ÏÀÆÂ×ÂáÆÀ×ÇÈâÀÂáÐããÐÁÅ
ÂÃÇÇÆÈÍÌÇÈÐÁäåÐÁáÐããÀÆ

ÄÈ×ÉÂÞÊÑÂæÁ¿ÐÆÇÀÏÂçÈÄÀÁÄÀ
Ê èéêëÂìíîéïðêÂñòðéòê



�������������	�
�����������
��������������
��
��������
��������������
�������������������������������
��������������� �!���"������	���

������������������������������
���������������������������"�����������
��������������
�����
���#�������$���������������
�����
�����
�%��������&!�����!���"���
����������������
�����������$
����������������
'���$����������������
������(��)�
���
��
�$�
���
�	������������������*��$������+������
�������������������
������
������
�����������	�������������,�*�����*�������������
������,�*�-!�#$�������./�������������+�����������)����#$0������������������
������������.,�*���	������������������,12����
����
��
����� �����
��
�������������
�+�� ��	�����
�����
�
�� 34��
	���
����������������0���354��
	�������
���������������+����������,�*��
������
�����������)���&�$�������������������������6
�����7��������$�������
���������7��������������*�� �
���������
������)�
���
��
�$������
���������������*���������$
��
������	�����
������������*���$�����	���������,12���!.���������
481���))���������7
����������
*��������������
�������������������
481��������$�7�������9���������$����	�������������������������
��������	����$����
��
����
�	�
��354���
����
����������������
�����������������,�*���*����
������
��������������
��������)������0���354��
	�����
��
����
�	�
����
��������
�������������������������������������
��������%-*9/	��������������������
�:!�!#�������������������������
���������������
�������������*����1
���6��������������������
��������������������+����������,�*��
��������)���&�����$
�������	�������������������8�������������������������������������- ;!��/��������������������
����������
����
- �!��/�����
�������,�*�����
- �!!��/�9�������
�������������������������,�*��
��������������������+���
���������
�������������������
�7������$��������������������
���������7������
���������������
�7�������������
�����
���������������
,�*�����
��
�$�

�������	������
���������$���������+�������6���,�*�6���������
������
��
���
���
����
�+�� ��� �����
�� �
���� ���
������$<������ �7������$����	�
����
�����
��������
��
����6������������6�
�����
�������
�����������������,�*�*����������
�����������%��������������)���#����

��
������������
�������������������������������������
����������������
��������	�����
�����
�-481$3�1$))���,12/$�����������������
��
����������������
�������������������%���
������*���
���������
������
���'
������$��������
���	�������
����������������������������������
�������
���������������
��
�
������
����
�����������	�����������9�������������������������
���������
������������
��
=������
�����2�>-��8�/���������������
�����*���������
����	�������������?*������
�����	����
����@�������������%�
�������
������"������
��6�������
�����
����������'�����
������
�������������
�	�����������
���
��������������*������
�������������
	�����������������������+��������
���
��������*���
��������)����A�0)�������������������
������
�������
�����������������,�*��������
����	����)�8$��8�$�����$,�*����������
���������
��������������������
������������
������������������	��������
�������"�����
��
�	����������'��
�$���*8�8������-B#�!��/���������
�
�%���������,�*�-B&����/�����	��������������������-B#��/�����������%������������������
�
������������	�
,�*�����������
�����
�����
����������
��
5���������
����"� ����
����������
	�����
�� ��������������	��������������%������������������
481����,�*����������������
*8�8��	���9����������������������
	����@�
����- �!��/������
��������������������'��������
���9�������
	������������������������- �!��/���������
����������
���������,�*�- �!!��/�������������@�
�������������
�����
��������?*��?"�$�������������@������481�9�����6����$���481������	����������������
��
�����
�����
���������������������
��
5*�� ����
���$������������������
��
$CDEF$����������������������
���������������6��������
������������	�����������
��������������������=����������
�����
����������������������*������������
��
����
$��������������	����������
���
����>G�8���
����	��������-B��&��/���������
���������
���������,�*�-B��H��/����
�����������������������������-1I2/������-B��&��/���������
��@�
��������������1I2���������>G�8������
�����������
��
�����������

��
-���/$����������������������������
���
�����
������"���������������
����������
����������
�����������������
�������,�*�����$���������������
���
����@�
����-!����/�����������������������������

JKLMNO PQRSTQUVWVXQYQWZ[\]̂_]̀ Z[aVWTQaaZbSYc[dYVefbSYcgh_̀iVefj̀klklmZ������ *�������-��/ 481-��/ 3�1-�"��B�/ ))-./ ,12-./ (�-n���/�����?"� o�*�� &&! ���� �& ��! &�A,�*� ���. ��& ���# #! ��A �������� �# #�� !�; �# !�� �A������� & �!H ���# &� ��� !�A����� � ��� ���H &� ��; !������� � ��& ���# &� ��� !�#����� !�# ##� ���� &# ��! !�&

pqrstuvwxyzrs{pq|}u~yz�u�r|�~u��q|�rs�w~���� ��������������������������������������������

� ¡¢£ ¤¥¦§ ̈© ª«¢¬©¢£®¯°¥¢«¦
±²³́µ¶··³̧̧µ¶¹º»·¼³½µ¾¿À

¼»̧Á³ÂµÃ́µÄÅµÆ¿́³µÇÄÇÇ½µÈ
ÃÉ́¼ÃÊÂ³ÂµÃ́µÇËÌËÇÄÇÍµÎ

ÎÏÄÐÏÑÑµ¶Ò½µ
µÓÁ»̧µÊ¹º»·¼³µ»̧µ¼»·³́³̧Âµ¿́

Â³¹µÊµÔ¹³Êº»Õ³µÔÃÖÖÃ́
µ̧¶ºº¹»À¿º»Ã́×ØÃ́ÔÃÖÖ³¹

·»Ê¼µÑ½ÄµÙ́²Ã¹º³ÂµÚ»·³́·³
½ ÛÜÝÞµßàáÜâãÝµäåãÜåÝ



���������	
������
����������
�����	������� ���������
�������
���	����� �������
��!����"������#�������$	���	���%&'&�(
����������
���	����)���������������������������&'&	����������
)��� �*�+��&'&	�����
��
���	����)�������������	
�	�������
�������
)��� �*��,�-.���������
�������������	�����
������	���������
���	����)�������������"���������*������	��������
��������������)������*�� ���*�!��������
���
�������������&'&
�������
��������	�������/001+00�� ���*����������
���������	���2������!�
���	����)�������������"��������&'&
�3,04)�����������	�����������+04�������"�������
����
���*�
�!5676!8001/00��� �������
��!���
����
�������
����
��*������������
��+00��%��,��(!)��	�	
�����
���
������*��
���������
�����!	
��
�
�����*���
���	����������������*����9�:������	��	�������
�
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LMNOPQRSPTUVPWMXMYPZPX[\]̂ _MỲ U\abNQb6b\OMX̂ POO[cUZ_W6dLe����e�56�7eMaf�56�:dLg[=)� A/'�B� %&'��CD���� 99 -'.�8� 
�������� 
&=�������!�=)� �(3; 1�(� �(31 �(1� 1(;; 1H�-;=) �(H, 11(� �(42 3(H2 �(1 11,����� �(H; 1;(, �(43 3(�; 1(�1 42H�56�7 �(H2 1;(� �(4; 3(,3 �(; 4H,�56�: �(4H 1;(H �(4, 3(4� �(2, 233

hijhkklmnopqnrstuvwnrmvlx yyyzv{xvn|z}rs ~������

�������������������������������������������������� ¡¢£¤������¥¦§¦¥̈��<¥̈¥¥©ª«ª



����������������	
���� ���
��������� ��������������
�����������
�����������������������
����������	������
��������������
����
�������
�������������������������������������	����������������� ������
�����
������
���!��
�����	�������
����������"�������
������#�
�������
�����	���	����������
�����������
������
��
����������������������	�
��������
��������$��������!%������������������
����������
�������
�����!%�������������� �������������
�����������	���������
��������	��������
�����������	���&���������������
���������������
����������������������
�������
��������'���(
����������������
�
�����
����
�����'��
�)
�����������
���������������������
��������
������	��*����
������+�����
����������,���*������
����-������
����� ����!��+����
��)���&�����	
��������������������������
�������������
��������������������������
������
���������������������
����������������������
���
����������
���
����-���������������
�������
�./012��
�����������������
�
���������'��������������
���������������������3���
�������&�����#�����'��������������������
��
�	��	���������
��������������
��
�������������������
��������
������
��
������������������-��
������������������������
��'�����
���������
��
������������!����������������
����4�����5��6�������������������������
�������������#���������������!��������
����	����#��*7899��+�
�������
���������*7�:;�9��+�"���	���
����������������������� ��������
�����3���	����������
��
���������
��������
������

�������������<������
���������=��������	������#!������������
�����
������<�����	
�75�>?���������
���������	���������	��
�����
��������������<������

������������
��������	�������<��������*5�:;

5�@?+�������
�����������������������������������	.1A1���./01B�����
�
��	�
���������	�������������
�����&���������������
�������
��������,�����	�
��������������������������������������
�
�������
�������������<����������
���
:?���������������
���"�������
���
��������
���������	
������������������������
-��
��
��<�����	����������
���������������������������
����4�����:�=�4�����:�������������<�����	�����������
�������������������������!������������4������������������<��������������
���������������������
����
�����3���������-�����
��������
�./012��������
����������	�
����<�����	
�����
����
��� ���������	������������� �C� ����44�����
����������������
����������
����������������
����	���������������������� ��./012'������
�����������
���������	�
�����������C� ��!��'�
��������������
����������44��������
�9�:�
9�D��������������=����������������������������������
���������	
�������������
�����������������������	�����
�����3���-������&�������<�����	*EFE+������
��
������������!������������	��������
����4�����D��"�������
�����������������
�
�������������	*C����������+���������������EFE������������
��
�������������
����������
�����������C� ���������
���������
�EFE�����
����������-���������
�C;��������=����������������
���
�������������EFE�
��
������������!������������
�:99;D:9����������	�������������
���������������
����
��
������6��������
�������������
��
���������
�������#����
����������������������������������
���������
����������$��������#��
�������#�
��������
����������$�����������
����������
������������
�����
����������
�
������������������
�����������������<������	����#����������$��������������

GHIJKLBMN���
���������	�
-��
��
�������
������������!���.1A1�./01B����./012�����O*�+E<�����	�*�+�� �*�+C� ����*�+,������
�*44+�
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Appendix 2

Synthesis of fluorene-based compounds: 
The synthesis of the fluorene-based compounds was performed by Prof. Vytautis 
Getautis’ group in Kaunas University of Technology in Lithuania and the results are 
published in [140], I–IV. Fluorene-based compounds with aliphatic chains (V1275, V1235, 
V1236 and V1461) were synthesized with high yields and purity using a simple route 
(Fig. S1). V1275 was produced through a one-pot reaction of 2,7-diaminofluorene and 
2,2-bis(4-methoxyphenyl)acetaldehyde with camphor sulfonic acid, under ambient 
conditions. Water, the only by-product, was removed using a Dean-Stark trap, 
streamlining the process and reducing reaction time. The method avoids the need for 
column chromatography or vacuum sublimation, minimizing batch variations. V1275 was 
further reacted with alkylating agents to yield the final compounds – V1235, V1236, and 
V1461 (Fig. S1).  

Figure S1. Synthesis route to fluorene-based molecules with aliphatic chains and their chemical 
structures – N2,N2,N7,N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9H-fluorene-2,7-diamine (V1275), 
N2,N2,N7, N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9,9-dipropyl-9H-fluorene-2,7-diamine (V1235), 
N2,N2,N7,N7-Tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9,9-dihexyl-9H-fluorene-2,7-diamine (V1236) 
and N2,N2,N7,N7-tetrakis[2,2-bis(4-methoxyphenyl)vinyl]-9,9-dinonyl- 9H-fluorene-2,7-diamine (V1461).  

Fluorene based compounds with thiophene end units (V808, V1385 and V1386) are 
synthesized through a simple two-step process (Fig. S2). V808 - the single thiophene 
unit-linked molecule has 4,4-dimethoxydiphenylamine chromophores symmetrically 
attached to both sides of the fluorene core, which can be easily chemically modified by 
the thiophene end group. V808 is produced through a straightforward synthesis and is 
devoid of complex starting materials with considerably good yields. Similarly, two and 
three thiophene units were added to the fluorene core, resulting in the synthesis of 
V1385 and V1386, respectively. 
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Figure S2. Synthesis route to fluorene-based molecules with thiophene end units and their chemical 
structures - N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9-(thiophen-2-ylmethylene)-9H-fluorene-2,7-

diamine (V808), 9-([2,2′:5′,2″-terthiophen]-5-ylmethylene)-N2,N2,N7,N7-tetrakis(4-

methoxyphenyl)-9H-fluorene-2,7-diamine (V1385), and 9-([2,2′-bithiophen]-5-ylmethylene)-
N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-diamine (V1386). 

Figure S3. Synthesis route to fluorene-based molecules with dimers linked with thiophene units and 
their chemical structures - 9,9’-[(2,2’-Bithiophene)-5,5’-diylbis(methanylylidene)]bis[N2 ,N2 ,N7 ,N7 
-tetrakis(4-methoxyphenyl)- 9H-fluorene-2,7-diamine] (V1422), 9,9’-[(2,2’:5’,2’’-Terthiophene)-
5,5’-diylbis(methanylylidene)]bis[N2 ,N2 ,N7 ,N7 -tetrakis(4- methoxyphenyl)-9H-fluorene-2,7-
diamine] (V1423), 4,4’,4’’,4’’’-(([2,2’-bithiophene]-5,5’-diylbis(methanylylidene))bis(9H-fluorene-
2,7-diyl-9- ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1454) and 4,4’,4’’,4’’’-
(([2,2’:5’,2’’-terthiophene]-5,5’’-diylbis(methanylylidene))bis(9H-fluorene-2,7-diyl-9-
ylidene))tetrakis(N, N-bis(4-methoxyphenyl)aniline) (V1455). 
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Fluorene-based HTMs with dimers linked with thiophene units V1422 and V1423 
containing diphenylamine chromophores were obtained through palladium cross 
coupling reactions connecting the central dithiophene or trithiophene-based 
fluorenylidene-terminated unit with 4,4’-dimetoxydiphenylamine (Fig. S3). V1454 and 
V1455 with triphenylamine side fragments were obtained under Suzuki coupling reaction 
conditions. The properties of the studied fluorene-based compounds utilized as HTMs in 
Sb2S3-based solar cells are summarized in Table S1.  
 
Characterization of synthesized fluorene-based compounds  
The chemical composition of the synthesized compounds was analyzed using NMR and 
MS spectroscopy. 1H NMR and 13C NMR spectra were collected at 400 and 101 MHz, 
respectively on a Bruker Avance III spectrometer, with chemical shifts reported in ppm 
relative to tetramethylsilane (TMS) ([140], I, II, III). All experiments were conducted at  
25 °C. Reaction progress was monitored via thin-layer chromatography using ALUGRAM 
SIL G/UV254 plates and developed with UV light. Silica gel (grade 9385, 230–400 mesh, 
60 Å, Aldrich) was used for column chromatography. Elemental analysis was conducted 
using an Exeter Analytical CE-440 elemental analyzer (I, III). Thermogravimetric analysis 
(TGA) was carried out using a Q50 thermogravimetric analyzer (TA Instruments) at a 
heating rate of 10 °C/min under a nitrogen atmosphere, with decomposition temperatures 
reported at 5% weight loss (Td5). Differential scanning calorimetry (DSC) was performed 
on a TA Instruments Q2000 under a nitrogen atmosphere, with heating and cooling rates 
set to 10 °C/min. The hole drift mobility of the studied compounds was determined using 
the time-of-flight (ToF) method, where “sandwich” type samples (ITO/HTM/Al) were 
used (I-IV). UV-vis spectral analysis was done for synthesized compounds in solution 
(THF, 10−4 mol L−1) using a PerkinElmer Lambda 35 UV/VIS spectrophotometer, with a 
solution layer thickness of 1 mm and a diffraction grating width of 2 nm (II–IV). 
 



1
3

2
 

Table S1. Thermal, optical and electrical properties of the studied fluorene-based compounds utilized as HTMs in Sb2S3-based solar cells. 

Melting (Tm), crystallization (Tc), glass transition (Tg) and decomposition (Tdec) temperatures observed from DSC and TGA, respectively (10 oC/min, N2 atmosphere). Optical 
absorption (λabs) peak positions in spectra as measured in THF solution (10-4 M). Hole drift mobility (μ0) value at zero field strength. Ionization potential (IP) of HTM films 
deposited on glass/FTO substrate was measured using PYS technique. The bandgap (Eg) of the HTM films was estimated from the absorption spectra using the Tauc plots.  

HTM group HTM 
Tm 
[◦C]

Tc 
[◦C]

Tg 
[◦C]

Tdec 
[◦C]

λabs 
[nm] 

μ0  
[cm2 V-1 s-1] 

IP 
[eV] 

Eg 
[eV] 

HTM synthesis 
and 
characterization 
published in Ref. 

Solar cell results 
incorporating 
HTMs published 
in Ref. 

Fluorene-based 
compounds 
with aliphatic 
chains 

V1275 255 - 150 403 262, 381, 401 1.20 x 10-4 4.92 2.96 [142], III III 

V1235 273 159 120 399 266, 382, 404 3.30 x 10-4 4.80 2.96 [142], III III 

V1236 173, 195 - 90 393 265, 383, 404 2.60 x 10‐4 5.00 2.80 [142] I 

V1461 - - 99 370 265, 382, 405 1.50 x 10-4 4.94 2.98 III III 

Fluorene-based 
compounds 
with thiophene 
end units 

V808 185 - 92 391 303, 386 7.07 x 10‐7 4.95 2.80 II II 

V1385 - - 97 403 299, 293, 438 2.15 x 10‐7 4.95 2.50 II II 

V1386 - - 99 398 293, 392, 449 3.68 x 10‐7 5.00 2.30 II II 

Fluorene based 
compounds 
with dimers 
linked with 
thiophene units 

V1422 276 - 148 430 293, 383, 468 9.86 x 10‐7 4.94 1.87 IV IV 

V1423 157 - 153 435 300, 383, 479 1.29 x 10‐6 4.94 1.90 IV IV 

V1454 175, 307 229 175 445 285, 377, 467 3.38 x 10‐6 5.05 1.88 IV IV 

V1455 - - 172 444 286, 377, 480 1.85 x 10‐6 5.08 1.89 IV IV 
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